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ABSTRACT
Printed-Compliant Electrochemical Systems
By Abhinav Machhindra Gaikwad

Advisor: Professor Daniel A. Steingart

Compliant electronic devices such as health monitoring tags, wearable electronics,
fabricated using add-on printing techniques or by patterning traditional silicon based electronics
in ultrathin format, enable them to flex, stretch and twist without any noticeable change in
performance. These devices require a power source – a primary or secondary battery – to power
the electronics. Tradition forms of batteries are bulky and negate the advantages of these new
class of devices. Herein, I investigate various printing techniques and architectures that enable
compliant batteries and study the performance of such batteries under mechanical deformations.
Firstly, this dissertation investigates electrochemical-mechanical performance of a
dispenser printed micro-battery using a microfluidic cell. Nanoparticulate silver ink was printed
and cured to form silver electrodes, which was charged in-situ to form a silver-zinc battery. The
electrochemical performance of the silver-zinc micro-battery was similar to macro-sized
batteries. The shear stress generated by flow of electrolyte over the electrode was used to
emulate the shear stress generated during flexing and was used as a tool to study the shear
strength of silver electrode at different state of charge.
The dissertation then investigates supported architecture as a reinforcement to maintain
the performance of the battery under strain. We demonstrate a highly flexible Zn-MnO2 alkaline
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battery by embedding the electrochemically active particles in a mesh support. The mesh support
absorbs the stresses generated during flexing. Similar principle was used to make a stretchable
battery. The backbone of the stretchable electrode was a stretchable fabric with silver-coated
fibers weaved through a rubber network, which served as the current collector. The fabric was
coated with Zn and MnO2 to form a stretchable electrode. Due to the weave architecture the
electrode could stretch by 100% without any loss is contact between the particles and the silver
fabric. A flexible battery based on an embedded membrane with paper-like characteristics was
fabricated to investigate, in detail the modes of failure in a flexible battery during mechanical
strains. Then dissertation then investigates electrochemical properties of MnO2 electrode. The
effects of mass transfer, electrolyte concentration and presence of Zn on the discharge
characteristics of MnO2 electrode was studied.
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“A dream doesn’t become reality through magic; it takes sweat, determination and hard work.”
-Colin Powell
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Chapter 1
Introduction

A battery is an electrochemical reactor that converts chemical energy into electrical
energy. The capacity of the battery depends on the energy density and the amount of reactants
stored in the battery. The overall chemical reaction in a battery is divided intro two physically
and chemically separated processes. An oxidation reaction takes place at the negative electrode
(anode) and reduction reaction takes place at the positive electrode (cathode) during discharge. In
a battery, there is separate pathway for the electrons and ions to move between the anode and
cathode. The electron passes through an external circuit where they can be used to power
electronic device and the ion passes through the electrically insulating electrolyte solution
between the two electrodes. When a battery is discharged, an oxidation reaction takes place at
negative electrode and the electrons passes through the external circuit and are reacted on the
positive electrode during the oxidation reaction. The ions move from the contact between the
electrode and electrolyte, between the positive electrode and negative electrode.
A battery is termed “secondary” when the battery can recharge (e.g.: Li-ion Battery). A
battery is rechargeable when the products/phases formed by the discharge reaction can convert
back to its original phase when charge is passed in reverse direction. A “primary” battery is a
single discharge cell (e.g.: Alkaline Battery). Due to the irreversible phases formed during
discharge reaction, the battery cannot be charged to its original form. Rechargeable batteries are
often used in high-end consumer electronics such as laptop, mobile phones, music players. These
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devices require a battery with high energy density and high cycles life. Primary batteries are used
in application such as remote controllers, toys, emergency lights.
Batteries are fabricated in different form-factors depending on the application and
chemistry. Alkaline batteries such as Zn-MnO2 are available in cylindrical form (e.g. ‘AA’
batteries), which has a zinc anode at the center of the cylinder with a brass pin as the current
collector. An MnO2 cathode occupies the outer ring. The zinc is physically separated from the
MnO2 cathode with a cellulose based paper separator. The steel can, which houses the battery,
also serves as the current collector for the MnO2 electrodes. In other formats, a ‘Jelly Roll’
architecture is used. Thin layer of anode and cathode mix is casted on thin metallic current
collectors and a layer of separator is used to separate the anode and cathode. The anodeseparator-cathode sheet is then rolled and inserted into a cylindrical can. The ‘Jelly Roll’
architecture is generally used for a high-energy density and high C rate battery (xC =
Discharging a battery completely in 1/x hour). The reduced distance of the anode and cathode
mix from the current collector helps to improve the conductivity in the battery. The ‘Jelly Roll’
format is not limited to cylindrical cells and it used extensively used for lithium-ion cells with
different shape and sizes. 3D architectures have also gained interest. 3D batteries can be used in
devices where there is a constraint on the footprint on the battery and where traditional planar
battery would not be suitable. Rather than limiting the battery in X-Y plane, a 3D battery has a
higher thickness, which leads to an improvement in the capacity of the battery per footprint.
Rather than using thin-film metallic foils as the current collector, thick meshes, foams, are used.
This allows for higher loading of materials without increasing the distance between the
electroactive materials and the current collector and maintains the discharge performance of a
planar battery.
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In this dissertation, I explore battery architectures that can power compliant, wearable
electronics device that have various sensing capabilities. Traditional commercial batteries are
rigid and bulky and negate the advantages of this thin, lightweight, compliant device. To take
complete advantage of these devices, a compliant battery with similar form factor must be
realized. These batteries should be thin, flexible, stretchable, and should maintain its capacity
under deformations. Commercially available cylindrical, prismatic batteries are non-compliant
due to brittle electroactive mix and the rigid casing used to seal the battery. A battery can flex to
certain extent if they are fabricated in a thin-film format and sealed in a flexible casing. The
anode and cathode in thin film batteries are generally 1-20 um to prevent strain induced cracking
due to flexing. Even with a thin-format to improve the flexing properties of the battery there is
still a limit to the bending radius. Fabricating compliant batteries would require rethinking the
form-factor of the batteries without losing the functionalities of traditional batteries. The
dissertation analyzes various modes of failure in the battery and then fabricates strain compliant
battery by using novel supported architectures.
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Chapter 2
Printing Techniques

2.1. Introduction
Printing is an add-on deposition technique, developed over hundreds of years, to produce
text and images on substrates such as paper and plastics. Printing techniques include laser,
offset, rotary, screen, gravure and ink-jet. Industrial-scale printing setups are used to print
newspapers, magazines, in large quantities. The inks used in printing are a mixture of color
pigment, solvent and additive to modify the viscosity of the ink. The rheology of the ink is
engineered to match the printing technique. Low viscosity ink is used in inkjet printing and high
viscosity ink is used in screen and gravure printing.
Over past decade, there has been a considerable interest in using printing techniques to
fabricate electronic devices such as RFID tags, sensors, TFT backplanes, and displays.
Electronics based on using printing techniques for fabrication are called as ‘Printed Electronics’.
Inks used in printed electronics include conductive and semiconducting materials. Printed
electronics are particularly interesting in making large area electronics such as photovoltaic and
backplanes, which do not require expensive clean lab deposition/lithographic technique. Printed
electronics in large formats are cost effective as compared to the conventional fabrication
techniques. Low-cost complaint printed electronics such as health monitoring sensor, active
RFID tags, require a power source – battery – with similar form factor to drive the electronics. A
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battery for such device should be thin and maintain its performance under strain. Here in, I
explore different printing techniques that can be used to fabricate compliant batteries.[1-15]

2.2. Printing Techniques
2.2.1. Dispenser Printing
Dispenser printing is a direct write printing technique that can print low to thick viscosity
ink. A cartridge with a needle tip and loaded with ink is attached to programmable z-stage. The
width and thickness of the printed line depends on the gauge number of the needle. The tip
opening can range between ~ 0.5 – 4000 micron. Low-diameter opening tip are normally made
of pulled gas capillary and large opening diameters are made of metallic materials. Compressed
air is used to push the ink out of the tip. The substrate is placed on a programmable x-y-stage.
During printing, the tip of the needle is brought close to the substrate such that the ink from the
needle touches the substrate. One can modify the pressure head, print speed and tip gauge to
control the print. Figure 2.1 A shows an optical image of a dispenser printer setup. The X-Y-Z
stage is programmable and has an accuracy of less than 0.1 micron. The dispenser cartridge with
the ink is attached to the Z-stage. The compressed air is passed through a programmable
controller and the pressure head on the ink can be controlled between 0.1 – 40 psi. A camera
setup is used to set the distance of the needle tip from the substrate. Figure 2.1 B shows a
schematic of the dispenser tip. In a dispenser tip, the ink passes through tip of decreasing
diameter. The flow is similar to flow of ink through pipes of decreasing tube diameter. As the ink
flows through the dispenser tube it experiences increasing shear stress.
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Figure 2.1 (A) Optical image of a dispenser printing setup. (B) Schematic of the ink
flow through a dispenser cartridge
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Figure 2.2 Viscosity of binder used in battery electrodes with shear rate.
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Figure 2.3 Viscosity of the Zn and MnO2 ink used in dispenser printing. Both the inks
have a shear thinning behavior. The viscosity of the Zn ink is higher than the MnO2
ink due to lower fraction of solvents in the ink.
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Figure 2.4 SEM micrograph of effects of graphite particle size of the conductive
network in the electrode. Both the electrode have same graphite weight fraction.
Electrode (A) uses graphite of 6 micron average size and electrode (B) uses graphite
of 44 micron average size
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The rheology of the ink plays an important role in dispenser printing. The ink should
have a stable dispersion and should not separate due to density difference. For electrochemically
active particles with high density, the viscosity of the ink should be adjusted to reduce
separation. Battery inks are a mixture of electrochemically active materials, additives and binder.
Solvents used in the ink should be compatible with the electrochemically active particles. The
pressure head and the print speed should be adjusted to prevent clogging while printing. Figure
2.2 shows viscosity of battery binder vs. shear rate. The binders show a wide range of viscosity.
Figure 2.3 shows viscosity of an optimized zinc and MnO2 ink with shear rate. The inks show a
shear thinning behavior with increasing shear stress. The viscosity of the zinc ink is much higher
than the MnO2 ink as the solvent fraction in zinc ink is much lesser than the MnO2 ink. Zinc
particles has a density of 7.8 gm/cc, hence a lower fraction of solvent in the zinc ink is used to
decrease the settling rate of particles in the ink. The shear thinning behavior of the ink makes is
easy to push the ink through the dispenser needle. Depending on the density and particle size, the
ink composition and the needle opening has to be optimized. The data of viscosity vs. shear rate
can be used to calculate the pressure head required to force the ink out for a fixed tip opening
and print speed. Figure 2.4 shows the effect of particles size distribution on formation of a
conduction network of graphite. Smaller sized graphite particles had a better distribution as
compared to larger sized particles. Dispenser printing is expensive, as it requires costly setup,
which includes programmable stages, dispenser and cameras. But the technique is useful for
accurately depositing inks over a small area.
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2.2.2. Stencil Printing
Stencil is a low cost printing technique that can be used to print electrodes of desired
dimensions on flat or curved substrates. The technique uses a patterned mask. The dimension of
the printed electrode depends on the thickness and opening of the mask. The opening in the mask
is generally laser cut. The opening in the mask can be as less as 15 micron. Figure 2.5 A and 2.5
B shows a schematic of stencil printing. In Figure 2.5 A the ink is printed over of a non-porous
substrate and in Figure 2.5 B the printed ink occupies the open spaces in a porous substrate. A
thin layer of adhesive is sprayed on the laser cut mask and it is placed on the substrate. The ink is
pressed inside the opening in the mask with help of a squeegee. Once the mask is removed the
dimensions of the printed layer is equal to the dimensions of the opening in the mask. The ink
used in stencil printing is highly viscous. This ensures that there is less reduction in the thickness
of the printed layer once the solvent is removed. If low viscosity ink is used, the thickness of the
printed layer shrinks. Stencil printing is similar to screen-printing. Screen-printing is generally
used for more complex print design. In screen-printing, a screen with desired opening is made.
The thickness of the printed layer depends on the distance between the screen and the substrate.
A squeegee is used to transfer the ink from the screen to the substrate. Screen-printing is
extensively used in printing designs on fabrics. Stencil printing is inexpensive and the setup can
easily print small to large features.
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Figure 2.5 (A, B) Schematic of stencil printing. A mask is used to define the shape
and size of the printed layer
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2.2.3. Spray Deposition
Spray Deposition is a versatile printing technique that can be used to print battery
electrodes on arbitrary substrates. Traditional printing techniques are limited to flat or curved
substrates. Spray deposition technique can be used to print battery on mesh, foams, where
traditional printing techniques cannot be used. A well homogenized well dispersed and lowviscous ink is prepared. The ink can be sprayed using commercially available airbrush. Spray
printing is based on creating a plume of the ink by mixing the ink with compressed air. Figure
2.6 shows schematic of spray deposition. The substrate is usually heated to a high temperature to
ensure the ink once printed on the substrate is quickly dried. The ink should be dilute and not
separate during the spraying process. The ink is stirred after every 2-4 passes to prevent
separation of the ink. The sprayer can deposit 20-30 micron in a single pass. Multiple spray
passes can be used to increase the thickness of the sprayed layer. Figure 2.7 shows an example
fabrication a 3D battery on foam with spray deposition technique. Figure 2.7 A shows top-view
of nickel foam, which serves are current collector for the battery. The 3D nature of the current
collector helps to improve the performance of the battery by decreasing the distance of charge
transfer through the battery. Figure 2.7 B shows top view of nickel foam coated with MnO2
electrode. Figure 2.7 C and 2.7 D shows MnO2 electrode coated with PVA as separator and then
with zinc to complete the cell. The ink should be engineered to improve the adhesion between
different layers of the sprayed battery. Spray deposition technique has been previously used to
spray very dilute inks. Here we modify the sprayer to spray thicker inks.
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Figure 2.6 Schematic of spray printing technique. Airbrush is used to spray the ink of
a heated substrate.
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Figure 2.7 A) Nickel foam coated with MnO2 ink (B). A PVA gel with KOH is
coated on MnO2 to serve as a separator (C) and Zinc is printed on PVA to complete
the cell (D).
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2.2.4. Dip Coating
Dip coating as the name suggests is a technique used to embed a porous
membrane/fibrous materials with electrochemically active material by dipping it an ink bath.
Figure 2.8 shows the schematic of a typical dip coating process. A fibrous membrane is dipped
inside the electrochemically active ink for a period of 1 minute. The ink goes inside the
membrane by capillary action. Once the membrane is taken out of the ink bath, excess of ink is
removed by passing it through a doctor blade such that only the ink inside the membrane
remains. The electrode is then heated for 60 minutes at 70 °C to remove the solvent. The solvent
faction of the ink should be optimized to ensure a high packing fraction once the solvent is
removed. After the solvent is removed, conductive ink is printed on the electrode to serve as the
current collector. A current collector should have high conductive and should not take part is
reaction (oxidize or reduce). Silver is used as a current collector in primary battery due to it high
conductivity. A secondary battery will have a non-oxidizing current collector such as nickel and
CNTs. Figure 2.9 shows SEM micrograph of electrodes prepared by dip coating process. Figure
2.9 A shows a top-view of a fibrous membrane. Figure 2.9 B shows cross-section of fibrous
membrane embedded with MnO2 and a stencil printed silver current collector. Figure 2.9 C
shows cross-section of a fibrous membrane embedded with Zn and a stencil printed carbon
current collector. The electrode is then cut into desired size and then seal to form a thin-film
battery. The opening in the membrane should be much larger than the particle size. The solvent
fraction in the ink should be adjusted such that the particles in the ink do not agglomerate and the
solvent does not block the opening in the membrane during the coating process. The ink is
generally optimized by trial and error method.
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Figure 2.8 Schematic of the dip coating process
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Figure 2.9 Fibrous membrane (A) embedded with MnO2 ink with silver current collector (B) and
membrane embedded with zinc ink with a carbon current collector (C).
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Chapter 3
Electrochemical-Mechanical

analysis

of

printed

silver

electrodes in a microfluidic device

3.1. Introduction
Nanoparticulate printed silver is a core material to flexible, printed circuits. Some
commercial silvers are of a sufficient purity that one may consider their use in electrochemical
power sources and sensors. We established an iterative rapid prototyping and measuring method,
printing electrodes, annealing them under temperature conditions from 210 ºC to 280 ºC and
cycling them in a microfluidic cell such that the electrolyte becomes the shearing medium.
Electrode strength was quantified by the breakage due to generation of gas-phase oxygen at the
electrode. This oxygen generation assisted breaking (OGAB) is found to be a function of the
amount of oxygen generation only, independent of current density and electrolyte flow rate.
Silver cured at 280 ºC for 60 min had highest strength and required an average of 241.8 mC/mm2
at electrode rupture; curing at 280 ºC for 20 min required only 203.8 mC/mm2 for failure. Silver
strength is quantified as an oxidant storage medium in the forms Ag2O and AgO and as a printed
reference electrode. Ag and AgO have higher shear strength compared to Ag2O. Thus, shear
strength of silver oxide electrodes at potentials of 0.15 – 0.55 V against a printed silver reference
depend on the oxidation state.
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As technology in the electronics industry advances the next generation of sensor and
wireless nodes will be physically flexible

[1, 2]

and less than sub-cm2 in dimension.[3] These

devices will require a power source, which is self-contained and low maintenance[4, 5] and has
high energy density while conforming to the stringent physical properties of the devices. Direct
write printing[6-8] techniques can be used to print miniature power sources on sensor and wireless
nodes. Direct write technique has a distinct advantage over the traditional lithographic technique,
which involves series of deposition, lithographic etching and masking steps.[9] In contrast, direct
write printing is inexpensive and rapid and allows for significantly thicker electrodes, allowing
the areal energy density when compared to “lith and etch” methods.
In general, failure of any battery during operation may be attributed in part to mechanical
fatigue, leading to isolation of active materials and therefore lost capacity. Batteries printed on a
flexible substrate experience an additional stress due to the bending motion of the substrate.[10]
Thus, a technique is required to examine mechanical integrity of a battery in-situ so both
mechanical and electrochemical performance can be correlated to processing parameters. Printed
batteries need to be tested for the optimum ink composition, post-printing processing conditions,
operating conditions and response to external stress before they can be used on flexible sensors
and wireless tags.
Microfluidic devices have been used to study electrochemical systems.[11-14] In this work I
demonstrate a microfluidic setup to test the performance of printed batteries. The shear imposed
by a flowing electrolyte can be correlated with state of charge and charge/discharge condition. In
this way issues of cyclic failure can be determined optically and in an accelerated fashion. A
shearing flow of electrolyte over the electrode surface may also be used to emulate

22

Figure 3.1 Typical flow sheet during testing of printed battery. Printed batteries are tested for its
adhesion on substrate, electrode strength, electrochemistry and cycling performance using the
ink composition, baking time and temperature as variables
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bending force effects on the electrode. We use observation from the experiments in a
microfluidic setup that can be used as a feed back loop to change the ink-composition, post
printing processing or operating condition for optimum performance of the printed battery
(Figure 3.1).
In this study we print silver nanopaste (silver nanoparticles mixed with tetradecane
solvent) on borosilicate glass slides. On the first charge we electrodeposit zinc at the negative
electrode and form silver oxide at the positive electrode.[7] We study the effect of post printing
processing, charging condition and shear stress on the electrode. In subsequent studies we will
apply this technique to slurry printed batteries.

3.2. Experimental
Based on standard preparations for zinc-silver batteries 8.9 M KOH electrolyte was
prepared by mixing KOH pellets (Alfa Aesar, MA) in deionized water followed by adding ZnO
powder (Alfa Aesar, MA) to get 610 mM ZnO. The solution was allowed to stir overnight.
Silver nanopaste (Harima Chemical Inc, Japan) was printed on a pre cleaned microscope
slide using a dispenser based printer setup. The printer setup has a liquid dispenser (EFD Ultimus
V, East Providence, RT) mounted on a programmable z- stage and the substrate (glass slide) is
placed on a programmable x-y stage (Aerotech Inc, Pittsburgh). Printed silver electrodes were
cured on a hot plate (Thermo Scientific) at temperature of 210 ºC - 280 ºC for 20 min - 60 min.
Silver conductivity can be controlled by the baking temperature and time.[15]
Polydimethylsiloxane (PDMS) (Dow Corning Corporation, Midland) was cast in a petri
dish and cured in an oven at 60 ºC for 2 hr. Two thicknesses were made: 220 micron (± 15
micron) and 2300 micron (± 40 micron). The 220 micron PDMS sheet was laser cut using
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VersaLaser VLS6.60 laser engraver (Universal Laser Systems; Scottsdale, AZ) to form a flow
channel in the PDMS at setting of 16% power and 30% speed. The 2.3 mm PDMS sheet with
inlet for electrolyte was placed over the 220 micron PDMS sheet to cap the flow channel. Before
each experiment the PDMS was placed in a UV and Ozone Dry Stripper (SAMCO International
Inc, Sunnyvale, CA) for 5 min to remove any organic contaminants. Top and bottom acrylic
covers were used to sandwich the cell.
A detailed design for two-electrode and three-electrode cell design is shown in Figure
3.2 C, D. In both designs the center of the printed silver electrodes were 1 mm apart. The
electrolyte enters from the inlet at the right and leaves from the left. In two-electrode cell the
counter electrode (CE) was zinc plated on silver electrode and the working electrode (WE) was
silver oxide. The three-electrode cell design had a printed silver reference electrode (RE). The
dimensions of the CE, WE and RE was 1 mm × 0.6 (± 30 micron) mm. Connecting pads were
located away from the channel for easy connection. Cross section of the flow channel was 2.2 ×
10-3 cm2.
The electrolyte flow rate was controlled with a programmable NE-500 syringe pump
(New Era Pump Systems, Wantagh, NY) controlled by a PC running Syringe Pump Pro program
(Open Cage Software, Huntington Station, NY). The electrode surfaces were observed in-situ
using an Omano microscope fitted with a Flea2 digital camera (Point Grey Research Inc,
Richmond, BC) interfaced with Astro IIDC software (Aupperle Services and Contracting,
Calgary, AB). Galvanostatic, potentiostatic and cyclic voltammetry experiments were carried out
using VersaSTAT 4 (Princeton Applied Research, Oak Ridge, TN). Image analysis was carried
out using ImageJ (Wayne Rasband, NIH). Ex-situ SEM images of the electrode was taken using
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Figure 3.2 Top view of the PDMS microfluidic channel and assembled microfluidic cell. (A)
Top layer PDMS sheet of 2.3 mm thickness with 0.066 inch hole for the inlet of electrolyte. (B)
Middle layer PDMS sheet of 240 micron thickness with laser cut flow channel of 2.2 inch in
length and 1 mm in wide. (C) Assembled two-electrode microfluidic cell. Electrode are 0.6 mm
in width and the distance between the electrode center is 1 mm. Dotted area is observed under
the microscope. WE/SE is on the right and the CE/RE is on the left. (D) Assembled threeelectrode microfluidic cell. Printed silver electrode is used as the reference electrode. CE is on
the left followed by the WE/SE and RE
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Hitachi TM3000 TableTop SEM. The line profile of the printed silver electrode was measured
using Alpha-Step IQ Surface Profiler (KLA-Tencor Corporation, California).
Silver nanopaste was printed on a pre-treated glass slide using a dispenser based printer
setup. The silver nanoparticles were in size range of 3-7 nm with mean diameter of 5 nm.9
Electrodes were printed at a speed of 15 mm/s with dispenser pressure head of 0.3 psi. Figure
3.3 shows the line profile of silver electrode after baking at 280 ºC for 60 min. Average width of
silver electrode after printing using a 30 gauge needle and speed of 15 mm/s was 600 micron (±
30 micron). The non-traditional M-shape profile was due to coffee ring effect. All the
electrochemical tests where carried out on silver electrode baked at 280 ºC for 60 min.
A printed silver electrode was used as a RE during the three-electrode experiments. This
RE was printed at a distance of 1 mm from the WE. The potential of this printed silver RE was
measured against an Ag!AgCl reference electrode in an 8.9 M KOH solution using a multimeter
and was found to be stable over a period of 8 days. All experiments were carried out within 5
days of the silver electrode printing. Printed silver reference electrode has a potential of 0.135
mV vs standard reference Ag!AgCl.
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Figure 3.3 Line profile of silver electrode printed on a pre-treated glass slide after baking at 280
º

C for 60 min. Silver electrode was printed using EFD dispenser mounted on a programmable

Aerotech stage. Line was printed at a speed of 15 mm/s using a 30 gauge needle tip with a
pressure head of 0.3 psi. Average width of the printed electrode is 600 micron (± 30 micron)
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3.3. Results
3.3.1. Cyclic Voltammetry
Cyclic Voltammetry (CV) experiments were carried out in a three-electrode setup with a
printed silver RE (0.135 mV vs Ag!AgCl) at a scan rate of 5 mV/s from -200 mV to 650 mV.
Electrolyte flow rate was 0.5, 4 and 14 ml/hr. Four peaks were observed in scan in the positive
direction. Peaks in the CV indicate changes in the silver oxide state and such peaks can be
correlated with the change in the color of the electrode in real time. Figure 3.4 shows the in-situ
images of the electrode during CV at 5 mV/s and an electrolyte flow rate of 4 ml/hr. Two major
peaks Q1 and Q2 during scan in the positive direction correspond to formation of Ag2O and AgO
on the WE by reaction [1] and [2].[16-18]
2 Ag + 2OH- ⇔ Ag2O + H2O + 2e-

[1]

Ag2O + 2OH- ⇔ 2AgO + H2O + 2e-

[2]

Ag2O was light brown and AgO was grayish black in color.[18] Three peaks were
observed during scan in the negative direction. Peaks Q4 and Q5 were due to the reverse of
reaction [1] and [2].
Figure 3.5 a shows a SEM image (Top View) of printed silver electrode after baking at
280 ºC for 60 min. Mean diameter of the grain was 500 nm indicating a localized melting and
fusing process. Figure 3.5 b shows the top view of the silver electrode near the edge of the flow
channel. The top half of the silver in contact with the electrolyte is oxidized to AgO and the
bottom half is unoxidized silver. It was seen that electrode maintains its grain structure after
oxidizing to AgO. The morphology of AgO formed under potential step and pulsing condition
was previously analyzed to find the conditions of needle growth during the charge- discharge
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Figure 3.4 In-Situ images of the electrodes during CV in a three-electrode microfluidic cell. CV
was carried out at a scan rate of 5 mV/s from -200 mV to 650 mV. Electrolyte (610 mM ZnO in
8.9 M KOH) flow rate was 4 ml/hr. Zinc deposition took place on the CE and WE was oxidized
to Ag2O and AgO. Printed silver electrode was the RE. Ag2O was light brown in color and AgO
was grayish black in color
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Figure 3.5 SEM images of the electrode. (A) Image of the silver electrode after curing at 280 ºC
for 1 hr. (B) Image of transition from completely oxidized silver (AgO) at top to unoxidized
silver at the bottom. (C) Image of silver electrode after completely oxidized to AgO. The grain
structure of the electrode remains same after the first charge. (D) Zinc deposition on silver
electrode. Zinc dendrites are formed on the edge of the silver electrode
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Figure 3.6 First 4 CV scan at 10 mV/s and an electrolyte (610 mM ZnO in 8.9 M KOH) flow
rate of 4 ml/hr in a three-electrode microfluidic cell. Scan was carried out form -200 mV to 650
mV. Peaks Q1 and Q2 during scan in the positive direction are for the formation of Ag2O and
AgO. Peaks Q4 and Q5 during scan in the reverse direction are for the reduction of AgO and
Ag2O Height of the peaks increase with scan number indicating increasing utilization of the
electrode.
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steps.[19] Figure 3.5 c shows the silver electrode completely converted to AgO. Figure 3.5 d
shows zinc electrodeposition on the CE and zinc dendrite formation on the edge.
Figure 3.6 shows 4 CVs at 10 mV/s and an electrolyte flow rate of 4 ml/hr. Peak height
increased with time indicating increasing utilization of the electrode. Peaks q1 and q2 are due to
initial stages of oxidation of silver, and several competing explanations are given in the
literature. Peak q1 reveals monolayer formation of either Ag2O or AgOH.[19, 20] Peak q2 is either
the formation of an Ag2O base layer or Ag electrodissolution as Ag(OH)2- or formation of a
sublayer of O atoms trapped in the Ag surface.[19-21] After peak q2, formation of Ag2O takes
place by a nucleation and growth process.[21-25]
Total area under peak Q4 for the formation of Ag2O was seen to be smaller than the area
under peak Q5 for reduction to Ag. During scans in the negative direction, peak Q3 was in the
positive direction. In experiments carried out by Hur, et al. this peak was explained by
autocatalytic formation of AgO, and the peak height decreased with time.[17] In the present
studies the peak height increased with time. This indicated that peak Q3 was due to incomplete
conversion of Ag2O to AgO during scans in the positive direction.
Figure 3.7 shows the charge passed in each peaks during a course of 20 CVs carried out
at scan rate of 5 mV/s and an electrolyte flow rate of 4 ml/hr. There was an increase in the charge
passed during reaction [1] until cycle number 14. After cycle number 14 there was a decrease in
the charge passed indicating a decrease in the active surface area of the electrode. Shear stress
induced on the WE by the electrolyte during the CV experiments caused a rupture of the
electrode surface and hence decreased the active material of the electrode. Until cycle number 14
the increase in the charge passed in each peak due to increase in electrode utilization was higher
than the loss in capacity due to loss of electrode material by rupture due to shear.
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`
Figure 3.7 Charge (mC) passed in each peak during 20 CVs scan carried out at 5 mV/s and an
electrolyte (610 mM ZnO in 8.9 M KOH) flow rate of 4 ml/hr. Q1 and Q2 was the charge passed
in peaks during scan in the positive direction and Q3, Q4 and Q5 was the charge passed in each
peak during scan in negative direction (Ref. Figure 6). The vertical line shows a point where the
charge passed in reaction [1] decreases.
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After cycle number 14 the decrease in the capacity was more severe due to electrode rupturing,
which was confirmed optically. Onset of capacity decrease was a function of electrolyte flow
rate. A scan at 5 mV/s and an electrolyte flow rate of 0.5ml/hr indicated capacity decrease started
after cycle number 17. For a flow rate of 14 ml/hr, this capacity loss began at cycle number 12.
For experiments with stationary electrolyte the decrease in capacity of the electrode was
observed after cycles 27-29. The decrease in the capacity of the electrode with no external shear
stress was due to the mechanical fatigue experienced by the silver electrode during the insertion
and removal of oxygen atom in the silver crystal structure.

3.3.2. Galvanostatic Experiments
A series of galvanostatic charging experiments were carried out in a two-electrode setup.
Figure 3.8 shows galvanostatic charging at 0.91, 1.82, 2.73 and 3.64 mA/cm2 and an electrolyte
flow rate of 3 ml/hr. Two plateaus were seen, the first being Ag2O formation, the second being
AgO formation.[17, 18, 24, 26-28] The relative length of the plateau depended on the charging current.
No zinc deposition was observed on the CE during charging at 0.91 mA/cm2, and the overall
potential of the cell was lower than the potential of Zn-(Ag2O-AgO). The CE reaction in this
case was hydrogen generation. At currents of 1.82, 2.73 and 3.64 mA/cm2, zinc deposition was
observed at the CE and the potential of the cell increased depending on the state of silver
oxidation.
The relative length of the first plateau decreased with increase in charging current. This
indicates incomplete conversion of Ag to Ag2O. In the second plateau Ag2O was converted to
AgO and the remaining Ag was converted to Ag2O then to AgO.[16] During cell charging, the
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Figure 3.8 Galvanostatic charging in a two-electrode microfluidic cell at 0.91, 1.82, 2.73 and
3.64 mA/cm2. Electrolyte (610 mM ZnO in 8.9 M KOH) flow rate was 3 ml/hr. Two plateaus are
for the formation of Ag2O and AgO. Length of plateau for the formation of Ag2O depended on
the charging current. At low charging current of 0.91 mA/cm2 no zinc deposition was seen on the
CE and the potential of the cell was lower than the potential of Zn-(Ag2O-AgO) system. The CE
reaction in this case was hydrogen generation.
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electrode surface in contact with the electrolyte first gets converted to Ag2O. Ag2O has very
high resistivity (∼108 Ω cm).[15, 18] Thus, Ag2O formed on the electrode surface decreased the
overall conductivity of the electrode. The cell overpotential increased to a point where AgO
nucleation started. In the 2nd plateau the Ag2O was converted to AgO. AgO has a higher
conductivity, hence the overall conductivity of electrode increased. Unconverted Ag was also
converted to AgO in a two step process with Ag2O as the intermediate product.[26] Due to Mshape profile of the silver electrode one would expect to see a lower extend of oxidation below
the peaks as compared to the flatter region.
The peak PA before the 2nd plateau was for the formation of AgO nuclei. Decrease in
potential after his peak can be due to decrease in overpotential of the cell due to formation of
AgO which has a higher conductivity as compared to Ag2O or O2− ions can diffuse more easily
in the AgO layer than in the Ag2O layer.[17, 18] The small peak PB just before the sudden rise of
the potential was due to formation of silver oxide of higher state (Ag2O3).[28] After the electrode
was completely charged the potential increased to the region where hydroxyl ions form oxygen
at the WE by reaction [3].
4OH- ⇔ O2 + 2H2O + 2e-

[3]

A charging current of 1.82 mA/cm2 was optimum for cell charging. Figure 3.9 shows
galvanostatic experiments at a charging current of 1.82 mA/cm2 and an electrolyte flow rate of
0.5, 3 and 12 ml/hr. Ag2O formation in the first plateau increased with the flow rate. Our
findings are in agreement with Hepel, et al, who demonstrated an increase in the Ag2O oxide
layer with increase in the rotation speed in a RDE, which is analogous to increased flowrate.[16]
Total amount of silver oxidized was seen to increase with the flow rate.

37

Figure 3.9 Galvanostatic charging in a two-electrode setup at 1.82 mA/cm2 with an electrolyte
(610 mM ZnO in 8.9 M KOH) flow rate of 0.5, 3 and 12 ml/hr. Relative length of the plateau
increased with the increase in the electrolyte flow rate indicating enhanced utilization of the
electrode at higher flow rates.
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3.3.3. O2 Generation Assisted Breaking Of WE
When a high current was passed beyond the state of complete oxidation the potential
rises to 2.45 - 2.55 V, a regime resulting in rigorous oxygen generation at the WE by reaction [3]
and zinc plating and hydrogen generation at the CE by reactions [4,5].
Zn+2 + 2e- ⇔ Zn (s)

[4]

H2O + 2e- ⇔ H2 + 2 OH-

[5]

Oxygen generated at the WE ruptured the electrode surface (Figure 3.10). The rupture
occurred at the electrode surface and the thickness of the silver electrode decreased until a point
where the glass substrate was visible underneath the silver electrode and then the remaining thin
layer of silver ruptured. Complete rupture of the electrode was indicated by a sudden rise in the
potential of the cell (Figure 3.11), defined as the ‘Critical Rupture Point’ (CRP). The oxygen
generation assisted breaking (OGAB) of the WE can be used to measure the strength of the WE.
The total amount of oxygen generated can be calculated from the amount of charge passed. The
rupture process depended on the strength and thickness of the silver electrode. Charge/Area
(mC/mm2) at the CRP was an indication of the printed silver electrode strength. Series of
experiments were carried out to analyze the effect of rate of oxygen generation and electrolyte
flow rate on the OGAB of electrode.
Cyclic voltammetry was carried out from -0.15 V to 2.1 V against the CE/RE electrode at
5mV/s and an electrolyte flow rate of 2ml/hr. After the pre-treatment current was passed at 0.14,
0.21 and 0.30 A/cm2 and an electrolyte flow rate of 10 and 65 ml/hr. The time required to reach
the CRP was noted for each experiment. The Charge/Area (mC/mm2) was measured by
multiplying the current density with the time required to reach CRP. It was observed that for a
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Figure 3.10 ‘Oxygen Generation Assisted Breaking’ (OGAB) of the WE in a two-electrode
microfluidic cell with an electrolyte flow rate of 10 ml/hr and current of 0.18 A/cm2. Zinc was
deposited on the left electrode (CE/RE) and the oxygen generated at the right electrode (WE)
ruptured the electrode. Complete failure of the electrode was indicated by sudden rise in the cell
potential and stop of oxygen generation. Point of sudden rise in the cell potential is called the
‘Critical Rupture Point’ (CRP).

40

particular flow rate the charge/area (mC/mm2) was independent of the current density. Hence the
breakage depends upon the total oxygen generate (Total Charge Passed) and not the rate of
oxygen generation (Current Density).Breakage was also independent of electrolyte flow rate. At
high oxygen generation rate there was a layer of oxygen on the WE surface, which was
consequently not in direct contact with the electrolyte. Hence the shear experienced by the WE
due to electrolyte cross flow was negligible, and rupture was caused only by the oxygen
generation.

3.3.4. Strength and adhesion dependence on baking time / temperature
Silver nanopaste from Harima Chemicals Inc. contains silver nanoparticles in
tetradecane solvent to prevent the agglomeration. During the post-printing baking the tetradecane
solvent vaporized and there was a localized melting and fusing of the silver nanoparticles.
Interconnectivity and conductivity of the silver increases with baking time and temperature. We
measured the effect of baking time and temperature on the adhesion and strength of electrode
using OGAB of electrode in a two-electrode microfluidic setup. Nine two-electrode cells were
printed at 15 mm/s using a 30 gauge needle and baked at 210 ºC, 245 ºC and 280 ºC for 20, 40
and 60 min.
A pre-treatment of electrodes explained in the previous section was used. Current of 0.18
A/cm2 was passed with an electrolyte flow rate of 10 ml/hr. For cells printed at 210 ºC and at 245
º

C for 20 and 40 min the oxygen generation was observed from surface and underneath the

electrode indicating poor adhesion of the electrode to the glass slide (Table 2). For cells printed
at 280 ºC and 245 ºC for 60 min the adhesion of the printed electrode to the glass slide was strong
and no oxygen was generated underneath the electrode. Hence for strong adhesion of printed
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Figure 3.11 Potential (V) vs. Time (s) during the oxygen generation assisted breaking of the WE
at current of 0.18 A/cm2 and an electrolyte flow rate of 10 ml/hr. Sudden rise in the potential
indicates complete rupture of the WE and the point is called ‘ Critical Rupture Point ’ (CRP).
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silver to the glass slide it is necessary to bake the silver at condition where no oxygen generation
is observed underneath the electrode during the OGAB.
A clear correlation exists between electrode lifetime and the electrode baking condition.
For a silver electrode cured at 280 ºC the strength of the WE in terms of charge/area (mC/mm2)
increased with the baking time (Table 3). Silver baked at 245 ºC for 60 min has lower strength
(188.8 mC/mm2) as compared to silver baked at 280 ºC for 20 min (203.81 mC/mm2). Lee, et al29
has shown that the melting and fusing process is enhanced by the baking temperature and time
and leads to increase in grain size and interconnectivity between silver particles . Hence the
strength of silver electrode increases with baking temperature and time.

3.3.5. Ag, Ag2O and AgO Shear Strength at Constant Potential
Controlled electrolyte flow over the printed electrode can be used to induce specific shear
on the face of an electrode. The response of Ag, Ag2O and AgO to different shear stresses was
measured by using a three-electrode microfluidic setup. A similar technique has been used to
measure adhesion of biological cells in microfluidic devices.
In experiments to measure the response of Ag, Ag2O and AgO to different shear stress,
WE was maintained at constant potential (E= 0, 0.24 and 0.55 V for Ag, Ag2O and AgO
respectively) against a printed silver RE. WE was pre-conditioned before each experiment. In
experiment to measure the strength of Ag2O, WE was first maintained at -150 mV for 120 sec.
Then the potential was increased to 160 mV and maintained at this potential for 150 sec.
Potential was then increased to 240 mV and maintained at this potential for the rest of the
experiment. Similar pre-treatment is carried out for the conversion of Ag to AgO. Potential was
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Figure 3.12 In-situ images of the electrodes at 20 min interval during the shear induced breaking
of the WE. WE electrode was in Ag2O state with a potential of 0.22 V against a printed silver
reference. Electrolyte flow rate was 6 ml/hr. Electrodes were backlit to improve the contrast of
the image.
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Figure 3.13 Response of Ag2O (WE) to shear at an electrolyte flow rate of 6, 9, 12 and 17 ml/hr.
WE was maintained at 0.22 V against the printed RE. Shear induced breaking of the Ag2O
increased with the flow rate.
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maintained at -150 mV for 120 sec. Then the potential was increased to 550 mV in 3 steps.
Potential was maintained at 180 and 380 mV for 200 sec. Then increased to 550 mV and
maintained at this level for the rest of the experiment. In experiments to measure the strength of
Ag, WE was maintained at -150 mV for 120 sec and then at 0 V for the rest of the experiment.
Experiments were carried out at different flow rates. Electrode surface image was
captured after every 30 sec. Figure 3.12 shows in-situ images at 20 min interval of breaking of
Ag2O due to electrolyte flow rate of 6 ml/hr. The microfluidic cell was backlit to enhance the
contrast. Images after every 10 min were processed using Image J (Wayne Rasband, NIH).
Images were first cropped such that only the part of WE in
contact with the electrolyte is visible. Image threshold was adjusted such that only the area of
the electrode remaining is in black and the remaining part of the image is white. The ratio of the
black area to the total area of the image was plotted against time
Figure 3.13 shows area remaining (%) vs. time (min) of Ag2O at flow rate of 6, 9, 12 and
17 ml/hr. It was observed than the rupture of the Ag2O increased with the flow rate. No rupture
of Ag2O was observed with the electrolyte was stationary. No rupture of Ag and AgO was
observed even at high flow rate of 35, 65 and 100 ml/hr. This indicates high shear strength of Ag
and AgO as compared to Ag2O.

3.3.6. Shear Strength At Different Potentials
Comparative strength of silver oxide at different stages of oxidation was measured by
maintained the WE at different potentials against the printed RE and exposing the electrode to
similar shear stress. WE was pre-treated before carrying out the experiment. 3 CVs at 5 mV/s
between - 200 mV and 650 mV versus the silver RE was carried out. Electrolyte flow rate during
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pre-treatment was 2 ml/hr. After pre-treatment the cell potential was increased from -0.2 V to a
potential at which the shear strength was to be measured at 5 mV/s. Electrolyte flow rate was
increased to 6 ml/hr and the response of the WE to shear was observed. In-situ images of the
electrode were taken after every 30 sec.
Constant potential shear experiments were carried out at 0.15, 0.22, 0.25, 0.40, 0.48 and
0.55 V, with the goal of examining different WE oxidation states. Figure 3.14 shows area
remaining (%) vs. time (min) for experiments at different potential. The electrode strength in
response to applied shear at different potentials was markedly different. No breaking was
observed at voltage of 0.15 V and 0.55 V. At 0.55 V the WE was completely converted to AgO,
which has higher shear strength. At 0.15 V the WE was at a potential less than the formation of
Ag2O, hence was as unoxidized Ag. WE at 0.25 V with higher conversion to Ag2O was weaker
as compared to WE at 0.22 V. WE at 0.48 V with higher conversion to AgO was stronger as
compared to WE at 0.40 V. Table [4] shows the electrode area remaining after 90 min.
Different shear strength at different potential can be explained by difference in shear
strength of Ag, Ag2O and AgO. WE at different potential will have different percentages of Ag,
Ag2O and AgO. Hence the overall strength of the WE at different potential will be different.

3.4. Discussion
Placement of Electrodes
During experimental conditions, which involved electrolyte flow rate induced breaking of
silver and gas generation. The silver oxide particles from WE and lose zinc deposits from the CE
had a tendency to stick to the electrode downstream. In some cases the hydrogen and oxygen gas
stuck to the walls of the channel. The adhesion of gas to the microfluidic channel can be reduced
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Figure 3.14 Response of WE to shear at an electrolyte flow rate of 6 ml/hr. WE was held at
different potential against the printed silver RE. It was seen that the strength of WE at different
stages of oxidation was different.
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by ozone-UV cleaning of the PDMS channel to remove contaminants, which promotes adhesion
of gas. In order to ensure that there was no inference from the zinc particles and hydrogen gas on
the WE, the WE electrode was always placed upstream as compared to the CE. For the same
reasons the RE was placed upstream from WE and CE.

Dispenser Printing
A dispenser-based printer has an ink cartridge with a needle on a programmable z-stage
and is connected to an external air supply. The substrate is placed on a programmable x-y stage.
Air supply is used to force the ink from the cartridge to the substrate. With dispenser printing
inks with viscosity ranging from few cps to 80,000 cps can be printed. The thickness and width
of the printed structures can be controlled with the print speed, needle-gauge sized and air
pressure head. In our experiment a 30 gauge needle with a print speed of 15 mm/s and pressure
of 0.3 psi gave lines of 600 micron width and average thickness of 0.9 micron (+-0.1 micron)
after printing and baking. Inks for commonly used battery components like MnO2 and Zn is a
mixture of the electroactive material, a binder and material like carbon to improve the
conductive. A solvent is generally added to change the rheology of the ink and prevent clogging
of the tip. The baking temperature should be lower than the degradation temperature of the
substrate and the binder. The baking time should be long enough to ensure the solvent is
completely evaporated. On electrodes with insufficient baking, cracks are observed on the
surface due to slow evaporation of the solvent. Hence the post-printing processing conditions are
important for other electroactive inks as well.
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Sample Size
The results of the present electrochemical and mechanical study of silver electrodes
depends on the thickness of the silver electrodes. It was observed that the height of silver
electrode from two different printing batch had a difference of around +- 0.1 micron. This
fluctuation in the height was due to the change in the height of the ink- cartridge after refilling
the ink and also due to the limitation of the resolution of the printer stage, which made it very
difficult to print silver electrode of same height from one batch to another. The silver electrodes
printed in one batch were stable over a period of one week. After a week oxidation of silver
electrodes were observed. For a particular set of experiments the silver printed in a same batch
was used to avoid the variation in results due to fluctuation in silver electrode thickness. Due to
silver oxidation in atmosphere it was impossible to repeat the experiments using silver printed
from the same batch. The experiments were repeated with using printed silver from different
batches to validated the trend in the result. Printed silver electrode from different batches showed
similar trend in results. Error bars are not plotted in the presented result due to the fluctuation in
the silver height, which made comparing result from one batch of printed silver to the other
impractical.

Cyclic Voltammetery
Multiple cyclic voltametry was carried at 5mV/s and electrolyte flow rate of 0.5, 4 and 14
ml/hr. The charge passed in each peak was plotted against the cycle number. Charge passed in
reaction [1] was used as the basis to indicate the cycle number where the silver electrode
utilization decreased. The cycle number decreased with the electrolyte flow rate.
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With increasing cycle number more and more of the unoxidized silver got oxidized.
Galavanostatic study showed that the extend of silver oxidation increased with flow rate. Hence
silver under high flow rate of electrolyte got oxidized faster as compared to conditions with no
flow. Under no flow condition the rate at which unoxidized silver got oxidized was slow due to
no enhanced mass transfer. But there was a gradual decrease in charge passed after cycle 27-29
which can be explained due to the mechanical fatigue of silver electrode due to insertion and
removal of oxygen atom. Flow was also seen to rupture the Ag2O electrode. Hence the decrease
in cycle number to the transition point with flow rate can be explained by increase in shear stress
and also increase in extend of silver oxidation, which have been shown to have lower strength.
The scan rate will affect the extend of silver oxidation in a single scan. With decreasing
scan rate. The silver will get completely oxidized in fewer numbers of cycles and this transition
point will occur at lower cycle number.

Microfluidic Cell
A microfluidic device was used to study the electrochemistry of silver electrode and
effects of external forces like gas generation and shear stress on the integrity of silver electrode.
When a battery electrode is bended there is compression on one surface and tension on other
surface. Cracking is observed on electrode surface under tension. The use of thin film electrode
and higher percentage of binder can help alleviate this problem but the energy density of the
battery decreases. The repeated flexing of the battery can lead to isolated regions in the electrode
and capacity of the battery decreases. The flexible battery using nanoparticle silver ink can be
printed on plastic substrates like polyethylene, polyester, etc. These substrates have poor
adhesion to the PDMS microfluidic channel. In the current study a rigid glass substrate was used
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due to its excellent adhesion to the PDMS channel. The flow of electrolyte over the silver
electrode causes a shear stress at the electrode surface due to no-slip condition, which is similar
to the shear stress induced on the electrode surface during flexing. The line profile of the silver
electrode shows a M-shaped profile. Due to this M-shape the stress in concentrated in the region
on peaks in the flow direction. The change in the height of the electrode is gradual due to the
very low H/W ratio. The shear stress on the surface of the electrode can be controlled by the flow
rate of the electrolyte.

OGAB
During the OGAB of silver oxide electrode the oxygen generation took place equally
over the electrode surface in contact with the electrolyte. The oxygen generation caused the
flaking of the electrode surface. The thickness of silver electrode decreased over the time of the
experiment. Towards the end of the experiment, the glass substrate underneath of the silver
electrode was first observed at the edges and middle due to low silver thickness. The complete
rupture of silver along the two peaks is delay due to the high thickness. The charge/area
(mC/mm2) required at diiferent current density was similar. Hence the breaking depends upon
the total charge passed. As shown in Figure 3.15 the presence of a oxygen layer over the
electrode surface reduces the shear stress experienced by the silver. Hence the breaking was
independent of the flow and depended on the total charge passed (Total oxygen generated).
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Figure 3.15 COMSOL simulation of stress experienced on the electrode surface due to
electrolyte ﬂow. Electrolyte ﬂow is from left to right. A) Electrolyte ﬂow rate of 65 mL/h and no
gas generation. B) Electrolyte ﬂow rate of 65 mL/h and 10 m of gas layer about the electrode
surface.
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Printed Sensors and Other Battery Systems
Silver inks are used in printed sensors due to their high conductivity and good print
characteristics. A printed sensor might fail due to impropriate choice of substrate, wrong curing
condition and excess of shear stress. Current results are valid for nanoparticle silver ink from
Harima Chemical but the presented experimental procedure to study the adhesion characteristics,
optimum baking condition and shear strength analysis can be used to study other silver inks.
The presented techniques can be used to study the electrochemical and mechanical
integrity of other battery electrodes. Traditional battery electrode consists of an electroactive
material, non-electroactive material like carbon to improve the conductivity and a binder to hold
the electrode together. The percent of electroactive material is maximized without affecting the
overall conductivity and strength of the electrode. In flexible battery electrodes the optimization
of the binder content is important to ensure high shear strength of the electrode without reducing
the overall energy density of the electrode. Isolation of electroactive particle will occur due to the
cracking of electrode during flexing and excess gas generation during the charging and
discharging of the battery. These effects can be studied in an accelerated manner using a
microfluidic device.

Shear Strength Study
Shear strength study was used to study the effects of shear stress on silver electrode.
Silver electrodes printed on a flexible substrate will experience a shear stress on the surface
during flexing. Flow of electrolyte will induce a shear stress at the electrode surface due to no
slip conditions. Due to this shear stress flaking of the silver electrode was observed. The lose
silver oxide particles are carried away by the flow. Due to the M-shape profile the stress is
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mainly concentrated at the peak of the silver near to the electrolyte inlet. Figure 3.15 shows a
comsol model of the shear stress experienced on the electrode surface at electrolyte flow rate of
6ml/hr. As observed in Figure 3.12 the glass substrate underneath the silver oxide was first
observed in the middle of the electrode and in the edge of the electrode near to the electrolyte
inlet. The region of the silver oxide away from the electrolyte inlet was seen to have lower rate
of flaking due to the lower shear stress experienced at this point.

3.5. Conclusion
We have presented a microfluidic electrochemical cell to analyze the electrochemistry
and strength of printed battery electrodes across a variety of metrics. The printed nanoparticle
silver ink shows electrochemical characteristics similar to macro-size silver-zinc batteries
presented in the literature, and we were able to determine various failure mechanisms that may
plague either electrochemical sensors or batteries based on these electrodes. We were also able
to determine regimes in which strength and performance were optimized.
Utilization of the electrode during the first charge was seen to be dependent of the
charging current. At same charging current the utilization of the electrode was seen to increase
with flow rate of the electrolyte. Oxygen generated at WE after the silver electrode was complete
oxidized ruptured the electrode. Total charge passed during complete rupture of the WE at high
current can be used as a measure of strength of the electrode. At high rate of oxygen generation
the breaking process was independent of the flow rate of the electrolyte as there is a layer of gas
over the WE and the electrolyte is not in direct contact with the electrode. Breaking at high
current was independent of the rate of oxygen generation and depended on the total oxygen
generated.
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Shear induced breaking of Ag2O was observed at electrolyte flow rates of 6, 9, 12 and 17
ml/hr. No shear induced breaking of Ag and AgO was observed even at high electrolyte flow
rates of 35, 65 and 100 ml/hr. Hence Ag and AgO has a high shear resistance as compared to
Ag2O. For application where the battery will experience high shear stress the integrity of the
battery can be maintained by carrying out shallow discharge. This will help to maintain a high
composition of AgO in the electrode, which has a higher resistance to shear stress. It was
observed that the strength of WE at different potential against a printed silver reference electrode
was different.
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3.6. Tables
Current

10 ml/hr

65 ml/hr

0.14 A/cm2

244.2

242.0

0.21 A/cm2

240.4

239.7

0.30 A/cm2

238.5

246.1

Table 3.1 Charge/Area (mC/mm2) required to completely rupture the electrode at current of
0.14, 0.21 and 0.30 A/cm2 at an electrolyte flow rate of 10 and 65 ml/hr.
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Temperature

20 Min

40 Min

60 Min

210 ºC

No

No

No

245 ºC

No

No

Yes

280 ºC

Yes

Yes

Yes

Table 3.2 Conditions suitable for baking silver electrode in terms of baking time and
temperature.
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Temperature

20 Min

40 Min

60 Min

280 ºC

203.8

224.4

241.8

Table 3.3 Charge/Area (mC/mm2) required to complete rupture the silver electrode baked at 280
º

C for 20, 40 and 60 min.
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Potential (V)

Area Remaining (%)

0.15

100

0.22

37.4

0.25

27.3

0.40

46

0.48

53

0.55

100

Table 3.4 Area of the WE remaining (%) at different potential for shear induced breaking at an
electrolyte flow rate of 6 ml/hr.
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Conversions
Flow Rate (ml/hr) Velocity (cm/s)
0.5

0.06

3

0.37

4

0.57

6

0.76

9

1.14

10

1.26

12

1.51

14

1.76

17

2.15

35

4.42

65

8.20

100

12.62
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Chapter 4
Highly flexible printed alkaline batteries based on mesh
embedded electrodes

4.1. Introduction
Folding, conformable electronic devices cannot be realized until flexible batteries that
match device form-factor and power requirements are developed. Existing flexible batteries
exhibit a severe limitation due to internal short-circuits during flexing.[1] In our present work I
demonstrate a printed alkaline battery fabricated with a polyacrylic acid (PAA) based polymer
gel electrolyte (PGE). The electroactive materials were embedded into a mesh structure
providing highly flexible electrodes. The flexible alkaline battery showed an open circuit
potential of 1.52 V and discharge capacity of 5.6 mAh/cm2 when discharged at 0.5 mA. The
discharge capacity of the printed battery was characterized in bend conditions ranging from 3.81
cm to 0.95 cm bending radii without any decrease in performance. Two batteries connected in
series and bent to a radius of 0.3 cm were able to power a green light emitting diode (LED).
Flexible electronics have been demonstrated for a wide range of functionality such as
digital memory,[2] photovoltaic cells,[3] displays,[4] pressure sensors,[5] implantable medical
devices,[6] light emitting diodes,[7] and thin film transistors.[8, 9] Flexible batteries share several
manufacturing challenges with flexible electronics due to the thermal budget imposed by plastic
substrates, compatibility issues of different layers in the device and stability during bending.[10]
Bending mechanics of flexible electronic devices has been previously studied and various
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methods for strain management have been proposed.[11-13] While there has been much progress
toward the development of flexible electronics,[14] a similar level of maturity has not yet been
achieved in flexible batteries.[1,15-18] One approach to improve the mechanical stability of flexible
electronics is to use very thin electrodes and buckled structure architecture, thereby reducing the
strain on these structures during bending.[6, 19-22] Similar principles are not as useful for flexible
batteries because the cell capacity is directly related to the amount of electroactive material
present.[23] Hence a relatively large footprint is required for a thin battery[24] in order to achieve
the same capacity as of a typical battery with thick-film electrodes.

4.2. Experimental
The starting point for the mesh embedded electrode was a non-conductive 50-mesh size
nylon mesh (Mc Master). The aqueous inks for anode and cathode were prepared by mixing the
electroactive material, additive and binder. The anode ink was a mixture of 73 % Zn, 6% ZnO,
3% Bi2O3 and 18% polyethylene oxide (20% PEO (MW 100,000) dissolved in DI water) binder
(all chemicals are measured in weight percent). ZnO and Bi2O3 were used as an additive to
prevent hydrogen formation by zinc dissolution. The cathode ink was a mixture of battery 68 %
grade MnO2 (Tronox), 6 % synthetic graphite powder (20-25 micron), 6% 10 M KOH and 20 %
PEO binder. These anode and cathode inks were prepared using standard battery
compositions.[23] Silver ink (AG-800, Conductive Compounds, Inc.) was used as a current
collector on the mesh embedded with Zn and MnO2. Different concentrations (1-10 M) of KOH
were prepared by dissolving KOH pellets in DI water. The solution was then stirred with ZnO
until saturation with excess ZnO removed by filtration. The PGE was prepared by dissolving
PAA in the aqueous electrolyte. The mixture was stirred until a homogenous gel was formed.
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200-mesh size nylon mesh was used as a separator and the assembled battery was heat sealed
inside a polyethylene pouch.
The EIS experiments were carried out using a 4192A LF impedance analyzer (HP) and a
custom-made conductivity cell with SS electrodes. The area of the electrode was 3.95 cm2 and
the distance between the electrodes was 0.28 cm. SEM images of the battery components was
taken using a JEOL 7400 SEM. The battery characterization experiments were carried out on
PAR 263 poteniostat/galvanostat (Princeton Applied Research). Rheology of the PGE was
studied using an AR 2000Ex rheometer (TA instruments) and electrical conductivity
measurements were carried out using a four-point probe (M-700, Magne-Tron Instruments).

4.3. Results and Discussion
In printed batteries, the individual components (anode, cathode, current collector and the
electrolyte) are deposited and patterned using printing techniques such as dispenser printing,
screen printing, roll to roll printing and stencil printing.[15,16] Here, I used stencil printing to
deposit the electroactive material. Inks for anode and cathode are generally in the form of
slurries of electroactive material mixed with a binder and a suitable solvent, where ink rheology
can be tailored by adjusting the concentration of the binder. The overall flexibility of the battery
depends on the mechanical properties of each individual component: anode, cathode, electrolyte,
substrate and packaging.
The manganese dioxide (MnO2) – Zinc (Zn) based primary alkaline battery leveraged in
this work has long dominated the market for primary battery due to higher energy density, low
internal resistance and relatively flat discharge.[16,25] Other battery systems based on Zn-Silver
Oxide[15] and Lithium Ion[17] provide high energy density and potential but are too expensive for
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use in a large deployment of primary disposable batteries. This work also used polymer gel
electrolyte[26] which have previously been used in batteries[27] and capacitors[28] due to their
combination of mechanical stability, adjustable conductivity, and ease of packaging.[24,29]
The innovation I report is a mesh embedded Zn-MnO2 alkaline battery architecture that
addresses the thickness and capacity limitations of thin film flexible batteries without
compromising power performance of a traditional battery. The mesh structure acts as a support
and reduces the stress on the electroactive material during mechanical flexing. Without a mesh
support it was observed that Zn and MnO2 electrodes had an operating bend radii of 35-40 mm
when the electrode thickness was 60-75 micron and on repeated flexing, cracking and
delamination of the electrode took place. To accommodate the mesh electrodes, Polyacrylic Acid
(Mol. Wt. = 1,250,000) based alkaline PGE was used as the electrolyte in the flexible battery,
which was formed by dissolving PAA in aqueous Potassium Hydroxide (KOH) saturated with
Zinc Oxide (ZnO).[30]

The current collector material should be highly flexible, have high

conductivity and high crease resistance to ensure no ohmic loses during flexing. Here, I use
silver composite ink as the current collector. In addition to materials such as carbon and silver
[15,18]

researchers have also used carbon nanotubes as a current collector in flexible batteries due

to their high flexibility and conductivity.[1, 17]
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Figure 4.1 A) Flow diagram for making mesh embedded printed MnO2 cathode and Zn anode
with printed silver current collector. B) Optical images of Zn electrode. C) Optical image of
MnO2 electrode. D) Schematic diagram of the cross-section of assembled Zn-MnO2 alkaline
battery with sandwich type architecture. E) Optical image of flexible Zn-MnO2 battery laminated
inside a polyethylene pouch
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A flow diagram illustrating the fabrication steps for a mesh embedded flexible electrode
is shown in Figure 4.1 A. The choice of the mesh size depends upon the thickness of electrode
required and the particle size of the electroactive material. A 50-mesh size (defined as the
number of holes in a linear inch) nylon mesh was used as a support for the electroactive inks. A
polyester [polyethylene terephthalate (PET)] sheet was attached to one side of the nylon mesh to
support the electroactive slurry during printing and curing steps. The electroactive slurry of Zn
and MnO2 was stencil printed on individual nylon-mesh substrates. The mesh was then cured in
an oven at 70 °C for 3 hr to remove any residual solvent. After the curing process the PET
support was removed, as illustrated in Figure 4.1 A. The optical images of the highly flexible
sheets of Zn and MnO2 are shown respectively in Figure 4.1 B and 4.1 C. A thin layer of silver
ink is stencil printed onto the underside of the mesh to form the current collector. The silver
current collector is cured in an oven at 100 °C for 30 minutes giving a surface resistivity of
~0.015 Ω/m. The flexible embedded mesh is cut into appropriate sizes that are used to assemble
a flexible printed battery with sandwich-type architecture, as illustrated in Figure 4.1 D. The
individual components (anode, cathode, electrolyte and separator) are placed on top of each other,
which contributes to a reduced overall footprint of the battery. An optical image of the assembled
printed flexible Zn-MnO2 alkaline battery is shown in Figure 4.1 E. A typical battery, as shown
in Figure 4.1 E, has an active surface area of 1.0 × 0.5 inch (3.2258 cm2).
The top surface of the mesh embedded Zn and MnO2 electrodes and silver current
collector were characterized by scanning electron microscopy (SEM). The topographic
micrographs of the nylon substrate, embedded electrodes and printed silver current
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Figure 4.2 A) SEM image of the 50-mesh size nylon mesh used as a support for the electrodes.
B) Top surface of the mesh embedded Zn electrode. C) Top surface of the mesh embedded
MnO2 electrode. D) Top surface of the silver current collector. E) Cross-section SEM image of
the Zn electrode. F) Magnified SEM image of the Zn-Silver interface. G) Cross-section SEM
image of the MnO2 electrode. H) Magnified SEM image of the MnO2-Silver interface.
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collector are shown in Figure 4.2 A-D while the cross-section micrographs are shown in Figure
4.2 E-H. Both topography and cross-section SEM analysis clearly show that Zn and MnO2 inks
occupy the void spaces in the mesh substrate after the printing process is complete. Figure 4.2 F
and 4.2 H demonstrate that good electrical contact of Zn and MnO2 with the silver current
collector has been achieved.
Electrochemical impedance spectroscopy (EIS) was carried out to measure the effect of
potassium hydroxide (KOH) and PAA concentration on the conductivity of the electrolyte gel.
EIS experiments were carried out using a custom-made conductivity cell with stainless steel (SS)
electrodes and a fluctuation voltage of 50mV at frequency ranging from 10Hz to 1000kHz. The
intercept on x-axis of the imaginary resistance (Zimg) versus real resistance (Zreal) plot was taken
as the resistance (Relec) of the electrolyte and was converted to conductivity (S/cm) by the
formula (conductivity = thickness / (Relec × area)). As shown in Figure 4.3 A the conductivity of
the electrolyte gel rose steeply until 2M KOH concentration and then increased more slowly at
higher concentration. Figure 3B shows the effect of varying PAA concentration in the gel.
Contrary to general observation, the conductivity of the PAA based PGE increased with
increasing PAA concentration. This is due to high molecular weight (1,250,000) of PAA, which
lead to a large increase in the aqueous electrolyte absorbed by the PAA based gel without a
significant increase in the concentration of the non-conductive PAA.
Rheology experiments were carried out to study the effect of printing and flexing on the
PGE. While the PGE is a highly viscous gel under no external stress, its viscosity decreases with
shear rate (shear thinning), showing pseudoplastic behavior as seen in Figure 4.3 C. The high
viscosity of the gel simplifies packaging and prevents leakages in cases when the cell is ruptured.
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Figure 4.3 Characterization of polyacrylic acid (PAA) based alkaline polymer gel electrolyte
(PGE). A) Conductivity (S/cm) of 1.7% PAA (MW=1,250,000) dissolved in KOH versus
Molarity (M) of KOH plot. B) Conductivity (S/cm) versus concentration (%) of PAA. C)
Viscosity (Pa.s) versus. Shear Rate (s-1) at various concentrations (%) of PAA. D) Response
from the strain sweep of 0 – 0.02 on 1.7% PAA in 8M KOH at 1 Hz to emulate the behavior of
the PGE during flexing.

72

In case of large scale manufacturing of the printed batteries the PGE will be printed using a
dispenser based setup where the PGE will forced through tubes of decreasing internal diameter.
The shear thinning behavior of the PGE can be used advantageously to allow printing at lower
pressure head. The behavior of the PGE in the flexible battery during flexing to different bend
radii was simulated by a strain sweep experiment, as shown in Figure 4.3 D. A strain sweep
from 0.0001 to 0.02 was carried in logarithmic scale with strain rate ranging from 1.06 × 10-6 to
2.55 × 10-4 on 1.7% PAA in 8 M KOH. The strain sweep experiment was carried out at
frequency of 1Hz to simulate flexing the battery from its neutral position once every second. G’
[elastic (storage) modulus] is indicative of gel like behavior and G“ [viscous (elastic) modulus] is
indicative of liquid like behavior. The G’ and G” values are almost constant in the strain sweep;
indicating that mechanical integrity of the PGE in maintained in the strain range that the PGE
will experience during flexing. One can expect a decrease in the G’/G” value when the gel
breaks down and starts behaving like a liquid. In our study the PGE was drop-cast on the
electrode surface and a 200-mesh size nylon mesh was sandwiched between the two electrodes,
which acts as the separator, giving an overall thickness of separator and PGE of 80 µm.
The discharge characteristics of the flexible battery are shown in Figure 4.4 A. The
battery had a discharge capacity of 4.5 mAh/cm2 at discharge rate of 1.0 and 2.0 mA, increasing
to 5.6 mAh/cm2 at a lower discharge rate of 0.5 mA. The performance of the battery during
flexing was then characterized by bending the battery around various diameter cylinders during
the discharge experiment, as shown in Figure 4.4 B. It is clear from this data that the battery
showed no degradation in performance when flexed. In fact, the discharge performance of the
battery was seen to improve after bending, due to compression of the battery, which leads better
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Figure 4.4 Characterization of the flexible printed battery (Active foot-print area of 3.2 cm2). A)
Discharge profile of the flexible battery when discharged at 0.5, 1 and 2 mA when flat. B)
Discharge profile of the flexible battery when flexed to different radii of curvature while
discharging. Discharge experiments were carried out at 1 mA. C) Polarization curves at 50 mV/s
of a flat battery and a flexed battery with a radius of curvature of 2.54 cm. D) EIS of the battery
under no strain. E) Demonstration of two flexible cells connected in series to power a green LED.
F) The flexible batteries connected in series were able to power the green LED when flexed to a
bend radius of 0.3 cm.
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interfacial contact between the PGE and electrodes. Figure 4.4 C shows the polarization of the
battery from open circuit potential (OCP) to 0.5 V at 50 mV/s. A high current density of 51 and
53 mA/cm2 was observed in a flat and a battery flexed to 2.54 cm bend radius respectively when
polarized to 0.8 V. The high discharge current is useful for applications requiring large current
for short time period. EIS experiments carried out on an unstrained battery show low impedance
(Fig. 4.4 D), thereby reducing ohmic losses during discharge. Power requirements for flexible
electronic devices can range from high voltage, low amperage (eg. organic TFTs[9]) to relatively
low voltage and high amperage (eg. organic LEDs[7]). As such it is important that the flexible
battery design can be easily customized to provide the necessary power and energy requirements
within the desired footprint. The ability to use customize these batteries to operate devices was
illustrated (Fig. 4.4 E) by connecting two cells in series to power a green LED (operating voltage
of 1.9 - 2.4 V and current consumption from 4 - 32 mA). This battery is still able to power the
LED even when folded over to a bend radius of 0.3 cm (Fig. 4.4 F).

4.4. Conclusion
I have demonstrated a flexible printed battery with a mesh support, which shows a
significant improvement with respect to operating bend radius when compared to currently
available flexible batteries. The mesh support enables these flexible batteries to also exhibit a
high capacity due to increased thickness of the electrode. This battery design can be customized
to power devices with various power and energy requirements, and the process can be readily
integrated with the current large scale manufacturing techniques. The mesh architecture is not
limited to alkaline battery system and could be used with other battery chemistries. Readily
customized flexible batteries such as those described here will help to realize the potential of
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flexible mobile electronic devices. Currently commercially available Zn-MnO2 based flexible
batteries have a maximum discharge capacity in range of ~ 2.0-2.7 mAh/cm2 and minimum bend
radii of 25-40mm.[31]
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Chapter 5
Highly stretchable alkaline batteries based on an embedded
conductive fabric

5.1. Introduction
Recent progress in the fabrication of ultra thin silicon ribbons and novel architectures
have enabled devices that can stretch, bend and twist without mechanical fatigue or changes in
operational performance.[1-5] These advances have lead to compliant, conformable electronics for
health monitoring and sensing purposes.[6,

7]

For true autonomous operations, these devices

require an equally accommodating power source. Existing commercially available power sources
are too bulky and negate the advantages of these compliant/flexible devices. I demonstrate a
stretchable battery with electrochemically active materials embedded in a compliant conductive
fabric, which acts as a support for the material. The assembled manganese dioxide (MnO2) - zinc
(Zn) stretchable cell with a polyacrylic acid (PAA) based polymer gel electrolyte (PGE) had an
open circuit potential (OCV) of 1.5 V and a capacity of 3.875 mAh/cm2. The capacity remained
constant when tested under strain as high as 100%. Two cells connected in series continuously
powered an LED when stretched to 150% and twisted by 90 degrees.
In the past decade, stretchable electronics with a wide variety of functionality such as
biological sensors,[8] solar cells,[9] polymer light-emitting devices,[10] transistors,
matrix displays,[13,

14]

[11, 12]

active

and photo-detectors[15] have been demonstrated. While there has been

progress on power sources with similar mechanical properties, there is still a significant gap.
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Previously, stretchable supercapacitors based on SWNT deposited on stretched PDMS,[16] CNTs
embedded in fabric[17] and conducting polymer on compliant substrates[18] have been
demonstrated, but these devices are suited to short term energy storage and cannot be used to
power stand-alone devices. A stretchable MnO2-Zn primary battery with a stretchable carbon oil
current collector was demonstrated, however the discharge capacity decreased by ~55% when
the battery was stretched by 50%. The discharge profile showed a high ohmic potential drop
(I×R) at the start of discharge for the strained battery. Drop in potential can be accounted by
decrease in electrical conductivity of the carbon oil current collector and loss in electrical contact
in the electrode when stretched. [19]

5.2. Experimental
The stretchable silver fabric (Sparkfun Inc.) was first cut into squares of 2×2 inch2 before
the embedding process. The silver fabric was embedded with MnO2 and Zn by soaking in a
dilute ink of MnO2 and Zn for 2 min, respectively. The cathode ‘MnO2 ink’ was a mixture of
31% MnO2 (Tronox-10um), 7% Graphite (Timcal-KS6), 14% Polystyrene-Butadiene binder
(LICO Technology Corp. 15% wt. loading) and 48% deionized (DI) water. The MnO2 ink was
made by mixing MnO2 and graphite powder in a pestle for 10 min until a homogenous mixture
was formed. Polystyrene-Butadiene binder and water were added to the powder and mixed for an
additional 10 min. The anode ‘Zn ink’ was a mixture of 48% Zn (Sigma Aldrich), 5% ZnO
(Inframat Inc.), 3% Bi2O3 (Sigma Aldrich), 14% Polystyrene-Butadiene binder and 30%
Ethylene Glycol. The Zn ink was made by mixing Zn, ZnO and Bi2O3 particles in a pestle for 10
min until a homogeneous mixture was formed. Polystyrene binder was added to the mixture and
mixed for 5 min. Ethylene glycol was then added to the mix and the mixture was mixed for 10
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min. The ink was poured immediately on the silver fabric after it was made. After soaking for 2
min, the excess of ink was removed and the embedded fabric was baked in an oven at 70° C for
30 min to remove residual solvent. The embedded fabric was then cut to appropriate size and
sealed using an acrylic VHB elastomer (3M).
The electrolyte solution of 6 M KOH and 0.4 M ZnO was prepared by mixing
appropriate weight of KOH pellets (Sigma Aldrich) and ZnO powder (Sigma Aldrich) with
deionized water. The solution was stirred until a clear solution was formed. The polymer gel
electrolyte (PGE) was prepared by mixing 1.6% polyacrylic acid (Sigma Aldrich,
M.W.=1,250,00) with the liquid electrolyte. The mixture was then stirred overnight at 60° C until
a clear gel was formed. The high viscosity of the PGE aids in cell packaging.
SEM microscopy and Energy-dispersive X-ray spectroscopy (EDS) were done on a TM
3000 (Hitachi) fitted with an EDS unit (Bruker). Polarization and EIS experiments were carried
out using a VERSASTAT 4 potentiostat. Discharge experiments were carried out in a custommade galvanostat (Ardustat). Optical images of the electrodes during stretching were captured
using an Omano microscope fitted with Flea2 digital camera (Point Grey Research, Inc.).

5.3. Results and Discussion
A conventional battery has two non-compliant conductors as the current collector, anode
and cathode electrodes, a separator in between the electrodes to prevent electronic contact, and
electrolyte to provide ionic connection. The anodes and cathodes are typically a mix of
electrochemically active particles mixed with a conductive material (generally carbon) and a
polymeric/cellulose binder.

[20, 21]

These electrodes are brittle composites and have limited
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flexibility. Degradations in capacity during fatigue tests are generally due to formation of cracks
and loss in electrical contact within the electrode during flexing. [22]
In previous work, I demonstrated a highly flexible, fatigue resistant alkaline battery by
embedding the anode and cathode inside a mesh with a flexible printed silver electrode as the
current collector.[23, 24] The mesh acted as a support and prevented loss in capacity at bending
radii as small as 0.95 cm for 300-micron thick electrode. While flexible, this device had little
strain compliance, or was not “stretchable.” To produce a stretchable battery, we require a
current collector that is strain compliant, with no drop in electrical conductivity under large
tensile strain, and which maintains intimate contact with the electroactive material under
mechanical motion.
In this work I demonstrate a stretchable MnO2-Zn cell based on off-the-shelf compliant
silver fabric embedded with MnO2 and Zn particles. The fabric acts as a current collector and
mechanical support for the electrochemically active particles. The embedded fabric electrodes
with a PGE electrolyte were sealed inside an elastomeric pouch. MnO2-Zn chemistry has
advantages such as, high-energy density, low cost and is environmentally friendly. The
commercially available fabric was made from a silver coated nylon thread, weaved onto a rubber
matrix (Sparkfun Electronics), which imparts stretchable characteristics to the fabric. The current
collector was able to maintain electrical conductivity and sufficient and consistent electrical
contact with the electrochemically active particles even when repeatedly stretched by100%. This
was due to the “wave” configuration of the fibers, which reduced the shear force on the current
collector-particle interface.
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Figure 5.1 Stretchable silver fabric (A), before the embedding step (D), and during the
embedding process with zinc (E), respectively. Cross-section micrograph of the fabric
(unaltered) under 0% strain (B), and 100% strain (C), respectively. Fabric embedded with MnO2
(F), and Zn (G). Schematic H) top-view of the MnO2-Zn stretchable battery, and I) cross-section
view of the battery. Optical image of the battery under 0% strain (J) [scale bar =1cm], and 100%
strain (K) [scale bar =1 cm], respectively

85

The fabric was available in the form of large sheets (12” × 13”, Figure 5.1 A). Figure 5.1
B-C shows the cross-sectional micrograph of the fabric under 0% and 100% strain,
respectively.thickness of the fabric under no strain was 530 microns and it decreased to 350
micron when stretched by 100%, for an effective poisson’s ratio in this direction of 0.34. When
the fabric wasstretched the waves in the weave of the fiber became aligned. This ensured that
there was a low tensile force on the silver coated nylon fibers themselves. The effect of
accumulation of plastic deformation on the elasticity and conductivity of the fabric was tested
under repeated strains of 50%, 100% and 150% up to 1000 strain cycles. A plastic deformation
of 12% was observed during the first strain cycle to 150% and the deformation increased to 53%
after 1000 cycles. A plastic deformation of only 6% and 8% was observed when the fabric was
strained by 50% and 100% respectively for 1000 cycles (Figure 5.5 A). Therefore all the
electrochemical testing of the assembled cell was carried out at elongations limited to 100%.
Figure 5.5 B shows the resistance (ohm/cm) of the fabric with elongation when the fabric was
stretched by 50%, 100% and 150%, respectively for the three stretch cycles. Figure 5.5 C shows
the resistance (ohm/cm) with stretch number at unstrained and strained position at 50, 100 and
150% elongation. The decrease in resistance of the fabric when stretched was due to better
contact between the fibers. Resistance increased with plastic deformation of the cloth, but not
enough to effect the performance of a battery until 2 C conditions and slower. The initial
resistance of the unstrained fabric was 0.59 ohm/cm. The large change in the resistance of the
fabric after first stretch cycle at 150% was due to irreversible deformation in the fabric. The
resistance of unstrained fabric increased to 1.5 ohm/cm and a strained position increased from
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Figure 5.2 SEM micrograph of conductive silver fabric (A), fabric embedded with MnO2 (D),
and fabric embedded with Zn particles (G), respectively. Element mapping of the fabric (B) [Red
= Silver, Green = Carbon], fabric embedded with MnO2 (E) [Purple = MnO2, Red = Silver], and
fabric embedded with Zn (H) [Green = Zn, Red = Silver], respectively. EDS spectrum of the
stretchable fabric (C), fabric embedded with MnO2 (F), and fabric embedded with Zn (I),
respectively
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0.11 to 0.4 ohm/cm after 1000 stretch cycles at 100% strain. The fabric was cut into smaller size
squares (2×2 inch2) before the embedding step (Figure 5.1 D). The fabric was embedded by
completely soaking it in the homogeneous diluted ink for 2 minutes (Figure 5.1 E). The cathode
‘MnO2 ink’ was a mixture of MnO2, graphite, binder, and water, and the anode ‘Zn ink’ was a
mixture of Zn, ZnO, Bi2O3, binder, and ethylene glycol solvent. During the embedding step, the
ink occupied all the open spaces available in the fabric. After 2 minutes, the excess ink was
removed by blotting with an absorbent cloth. The absorbent cloth removed all the unsupported
ink that was not absorbed in between the fibers. During the embedding process, the solvents did
not chemically react with the rubber network and the elastic characteristic of the fabric was
maintained even when loaded. The excess removal was a repeatable process, indicating that the
adhesion of our electrochemically active ink was a self-limiting process. The fabric was then
heated at 70° C for 30 minutes to remove residual solvent. Figure 5.1 F-G shows the fabric
embedded with MnO2 and Zn, respectively, after the embedding and curing step. The MnO2 and
Zn electrodes had an average loading of 16 mg/cm2 and 18 mg/cm2 respectively. Embedding the
fabric did not change its elastic and conductive characteristics. The embedded fabrics were then
used to make a primary MnO2-Zn alkaline cell (each electrode’s dimension = 2 × 1 cm2) with a
PGE. Figure 5.1 H-I shows a schematic of the cell. A “planar electrode” configuration was used
where the MnO2 and Zn electrodes were placed side by side, with a gap of 4 mm. The cell was
assembled using three sheets of highly compliant acrylic elastomers. A chamber was cut in one
of the elastomer sheets in order to house the electrodes and the electrolyte. The well was then
sealed using two separate sheets of elastomer. Figure 5.1 J-K shows an optical image of the
MnO2-Zn cell under 0 and 100% strain.
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Figure 5.2 A-I shows SEM micrographs, elemental maps and Energy-dispersive X-ray
spectroscopy (EDS) spectrums of the fabric before and after embedding it with MnO2 and Zn.
Figure 5.2 A shows the fabric under 0% strain. The fabric consists of bundles of 12-14 silvercoated nylon fibers, which are weaved over a stretchable rubber network. The rubber network
imparts the elastic characteristics to the fabric. Figure 5.2 B shows the element mapping of the
fabric [Silver (red) coated on nylon threads (green)]. The visible green lines are the rubber
networks. Figure 5.2 C is the EDS spectrum of the fabric. Figure 5.2 D-E shows SEM
micrographs and element mapping of the fabric embedded with MnO2. As observed from the
micrograph, MnO2 was absorbed in the void space in between the fibers. Figure 5.2 G-H shows
SEM micrographs and element mapping of the fabric embedded with Zn. Similar to the MnO2
embedded fabric, the Zn occupied the open spaces in between the silver coated nylon fibers.
Figure 5.2 F/I shows the EDS spectrum of the fabric embedded with MnO2 and Zn, respectively.
The mechanical integrity of the embedded electrode under strain was studied in the x and y
directions while observing the electrode under a microscope for delamination or flaking of the
particles. Figure 5.3 A-I shows top-down optical images of the as-received stretchable fabric and
fabric embedded with MnO2 and Zn under 0% strain and 100% strain in x and y directions. The
as-received fabric had repeating weave architecture (‘unit weave’, yellow) as marked in Figure
5.3 A. The unit weave was arranged in parallel to form the fabric. Below the rubber network, the
weave lines had an arrangement that was 90 degrees to the weave lines above the rubber network.
Therefore, when the fabric was stretched by 100% in x-direction (Figure 5.3 B), the weave below
the rubber network looked like Figure 5.3 C. As shown in Figure 5.3 E, the distance between the
unit-weave for the MnO2-embedded fabric increased when stretched in x-direction and decreased
when stretched in y-direction. No delamination was observed after stretching in both the x and y
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Figure 5.3 Optical micrograph taken during mechanical testing of the stretchable silver fabric
embedded with MnO2 and Zinc. Fabric under no strain (A), 100% strain in x-direction (B), and
100% strain in y-direction (C), respectively. Fabric embedded with MnO2 under no strain (D),
100% strain in x-direction (E), and 100% strain in y-direction (F), respectively. Fabric embedded
with Zn under no strain (G), 100% strain in x-direction (H), and Zn 100% strain in y-direction (I),
respectively
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directions. The embedding process, followed by the blotting step, ensured that the particles
absorbed in between the fibers remained and the forces experienced at these points during
stretching were too low to cause the particles to flake off. Similar stretching characteristics were
observed for the Zn-embedded fabric (Figure 5.3 H-I). Figure 5.6 A-F shows the effect of
repeatedly stretching the embedded fabric by 100%. Neither delamination of particles nor weight
loss of the embedded fabric was observed even after 1000 stretch cycles. An ASTM D3359 tape
test on embedded fabric stretched for 1000 cycles showed no delamination of embedded particles
(Figure 5.7), indicating sufficient contact between the particles and the fabric. The only effect of
repeated stretching the fabric was a plastic deformation of the rubber network. Plastic
deformation of 6% and 8% was observed after stretching the fabric for 200 and 1000 cycles,
respectively.
Figure 5.4 A-C shows the results from the electrochemical testing of the stretchable
MnO2-Zn cell under varying strain. Figure 5.4 A shows the polarization curves of the cells from
OCV (1.5 V) to 0 V at a scan rate of 50 mV/s and at 0, 50 and 100% strain in x-direction.
Stretching the cells had no effect on polarization characteristics of the cells. The cells gave a
polarization current of 33 mA at 0.9 V. Electrochemical impedance spectroscopy (EIS) was done
on the cell at varying levels of strain (%) to measure the change in impedance upon stretching.
EIS was conducted with 10 mV fluctuating potential from 100,000 Hz to 10 Hz at OCV (1.5 V).
EIS results are plotted in Figure 5.4 B. The only observable change was in ohmic loss: a shift in
the X-axis. In EIS, the intercept on the X-axis is the resistance of the PGE in-between the two
electrodes. As seen from the Figure 5.4 B, the resistance of the PGE in between the electrodes
decreased as the cell was stretched to 50 and 100% strain. The specific conductivity of the PGE
is independent of the stretch of the cell; hence the decrease in the resistance can be explained by
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Figure 5.4 A) Polarization curves of stretchable batteries at 0, 50 and 100% strain. B) EIS curves
at 0, 50 and 100% strain. C) Discharge curve of the battery at 0, 50 and 100% strain at discharge
current of 0.35 mA. Optical image of two stretchable batteries connected in series used to power
a red LED under 0% strain (D), 100% strain (E), and 150% strain and twisted by 90 degrees (F),
respectively
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Figure 5.5 A) Increase in unstrained length (plastic deformation) of the fabric with stretching
cycle number at 50, 100 and 150% strain. B) Resistance (ohm/cm) of the fabric with strain (%)
at elongation limit of 50, 100 and 150% for three strain cycle. C) Resistance (ohm/cm) of the
fabric at strained and unstrained position under cycling strain from 0 to 50, 100 and 150% strain
with stretch number.
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Figure 5.6 SEM micrograph of fabric embedded with MnO2 (A-C) and Zn (D-F) after 0, 200 and
1000 stretch cycles at 100% strain, respectively.

Figure 5.7 Tape test on fabric embedded with MnO2 (A) and Zn (B) after 1000 stretch cycle at
100% elongation
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the increase in the electrode footprint. The decrease in the ohmic loss (I×R) during discharge
upon stretching is too small to observe any difference in capacity. Critically, the curve above the
X-axis is nearly constant at different strains (%) indicating no degradation of the electrode upon
stretching. Figure 5.4 C shows the discharge performance of the cells at 0, 50 and 100% strain at
a discharge rate of 0.35 mA. The capacity of the battery was limited by the weight of MnO2
particles embedded in fabric. The dry weight of the MnO2 particles was 12.8 mg/cm2 (80% of
total loading weight) and had a maximum first-electron reaction capacity of 4 mAh/cm2 (3.2 mg
= 1 mAh). The three cells had a discharge capacity of 7.75 mAh (3.875 mAh/cm2, electrode area
= 2 cm2) when discharged to 1.05 V. No drop in discharge capacity was observed even at 100%
strain, indicating that contact between the particles and the fabric was maintained. The slight
fluctuations in discharge are within experimental errors. Figure 5.4 D-F shows a demo of two
cells connected in series powering a red-LED (Operating Voltage- 1.8 - 2.0 V with current
consumption of 5-50 mA, electrode dimension = 2 × 0.5 cm2). In Figure 5.4 D, the cells were
under 0% strain and in Figure 5.4 E stretched to 100% in the x-direction. The cells were able to
power a red LED even when stretched to 150% in the x-direction and twisted by 90 degrees in
the y-direction (Figure 5.4 F). The Zn-MnO2 alkaline battery chemistry used in this work was
non-rechargeable due to MnO2 poisoning by Zn during end of first-electron discharge reaction.
Zn-MnO2 battery can be recharged to a limited number of cycles if the MnO2 electrode was
discharged only to a fraction of its first-electron capacity, preventing formation of a ZnO.Mn2O3
phase, which is non-rechargeable.[25] This can be achieved by limiting the capacity of Zn
electrode or by setting a lower potential limit of ~1.1-1.2 V during discharge.[26]
Previously, the resistance of a conductive fabric under strain was modeled using a
network of resistors connected to replicate the weave of the fabric.[27,28] This work may be used
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as a basis for developing a model for stretchable battery through the development of an
electrochemical component. A model showing the effect of deformation on the mechanical and
electrochemical behavior of the battery system will help in understanding the underlying physics
of a stretchable battery. In an on-going effort we are modifying the above model in a way which
couples the mechanical properties of the rubber network, the silver coating on the nylon thread
and the adhesion of the particles under external applied stress and the internal stress of reaction.

5.4. Conclusion
I have demonstrated an ultracompliant MnO2-Zn alkaline battery based on
electrochemically active particles embedded in stretchable fabric, which maintained its capacity
during strain as high as 100%. Compliant batteries will facilitate the deployment of autonomous
stretchable devices for a wide variety of applications. The strategies employed in this paper are
independent of battery chemistry; other high energy density and rechargeable chemistries may be
substituted.
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Chapter 6
Reinforced Electrode Architecture for Flexible Battery with
Paper-Like Characteristics

6.1. Introduction
A need exists for low-cost, environmentally friendly, flexible thin-film batteries that can
be incorporated into flexible electronic devices.[1,2] Herein we demonstrate a technique to
reinforce arbitrary battery electrodes by supporting them with mechanically tough, low cost
fibrous membranes that also serves as the separator. The membranes can be laminated to form a
full cell, and this stacked membrane reinforcement bears the loads during flexing. The technique
was used to make a high energy density, non-toxic Zn-MnO2 battery with printed current
collectors. The zinc and MnO2 electrodes were prepared using a solution-based embedding
process. The cell had a nominal potential of 1.5 V and an effective capacity of ~3 mAh/cm2. We
investigated the effect of bending and fatigue on the electrochemical performance and
mechanical integrity of the battery. The battery was able to maintain its capacity even after 1000
flex cycles to a bend radius of 2.54 cm. The battery showed an improvement in discharge
capacity (~10%) when the MnO2 electrode was flexed to tension due to improvement of particleto-particle contact. In a demonstration, the flexible battery was used to power a LED display
integrated with a strain sensor and a microcontroller.
Low cost, disposable, flexible batteries, fabricated using high-throughput manufacturing
techniques, are a prerequisite for many proposed conformal medical[1] and sensing devices.[2]
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Recently, there have been many demonstrations of compliant electrochemical/capacitive based
power sources such as printed-flexible batteries,[3-13] supercapacitors[14-16] and stretchable
batteries.[17, 18] Currently, commercially available flexible batteries have mechanical limitations
and a relatively low areal capacity. Moreover, the discharge performance decreases after
repeated flexing. Even with advancements in making strain-compliant silicon-based
flexible/stretchable electronic devices by leveraging novel architectures, there has been
insufficient effort towards improving mechanical characteristics of flexible batteries.[11, 17] In our
previous work,[18] we examined a highly elastic electrode structure. In this work we fabricate
flexible batteries by using fibrous membrane[19] templates and examine the relationship between
mechanical state and lifetime.
Flexible electronics with a wide variety of functionality such as displays,[20] photovoltaic
cells,[21] OLEDs,[22] RFID tags,[23] pressure sensors[24] and TFT backplanes[25] have been
demonstrated. Materials used in these devices are inherently hard and brittle in bulk form, but
can be made flexible by depositing or patterning them in ultra-thin forms.[26-29] Brittle materials
can typically be made flexible by reducing its thickness to 1/1000th the bending radius.[30] One
can use a similar concept to make flexible batteries,[31] but batteries are closed electrochemical
reactors and the capacity of the battery depends on the mass of the reactants (anode/ cathode)
enclosed inside the battery. Thus, traditional “thin-film” batteries have low capacity per
footprint.[32, 33]
One issue with designs dependent on reduced thickness is unnecessary coupling of
mechanical and electrochemical performance. In this work, we use a composite architecture,
where we combine a porous membrane with a battery electrode to improve its flexing
characteristics. We use a non-woven polyimide membrane with high tensile strength as a
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scaffold for the two electrodes, which are then fabricated into flexible Zn-MnO2 battery. The
flexible electrodes were prepared by embedding the anode and cathode inside the polyimide
membrane. The membrane supports the electrode mix and absorbs the stress generated during
flexing. Printed carbon and silver electrodes were used as the anodic and cathodic current
collectors, respectively. The anode and cathode were sealed within two sheets of flexible
polyvinylchloride (PVC). Battery capacity was cathode-limited by design. In this work we
discuss the modes of failure in a thin-film flexible battery and study the effect of bending
direction on the MnO2 electrode as well as the effect of fatigue on the discharge performance of
the battery.
!

6.2. Experimental
A wet-laid non-woven polyimide membrane (Freudenberg Vliesstoffe KG, Germany)
was used as a support for the electrode. The porous membrane is used as a separator for Ni-Cd
battery. The battery electrode was prepared by embedding the membrane with electrochemically
active ink. The ‘MnO2 ink’ was a mixture of 45.3% MnO2 (Tronox), 10.6% graphite (KS6,
Timcal), 12.1% 9 M KOH, 1.8% polystyrene binder (LICO Technology Corp.) and 30.2%
Deionized water. The ‘Zn ink’ was a mixture of 69.3% Zn (Sigma Aldrich), 7.3% ZnO nano
powder (Inframat), 10.9% Bi2O3 (Alfa Aesar), 10.9% ethylene glycol and 1.6% polystyrene
binder. The membrane was soaked in the ink for a period for 60 second. The ink was absorbed
into the membrane by capillary action. The electrode was baked in an oven at 70°C for 60 minute
to remove any residual solvent. After the baking step, a doctor blade was used to print a 10 µm
silver ink layer (AG-800, Conductive Compounds) on the MnO2 electrode and carbon ink (C210,
Conductive compounds) on the Zn electrode. The electrode was then baked at 70°C for 30
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minute. The thickness of the silver and carbon layers after the baking step was ~5 µm. A solution
of 5.6 M KOH and 0.37 M ZnO was used as electrolyte. The electrolyte was prepared by mixing
appropriate weight of KOH pellets and ZnO powder in DI water. The solution was stirred until a
clear solution was formed. A polyvinyl alcohol/cellulose wet-laid nonwoven material soaked in
the electrolyte was used as a separator (Freudenberg Vliesstoffe KG, Germany).
The electrodes and the separator were cut to a size of 1inch2, with extended tabs
connecting the battery. The separator was sandwiched between two electrodes and the cell was
heat sealed between two layers of PVC (75µm, McMaster). The contact between the tab and the
PVC sheet was sealed with a double-sided tape from 3M. The tape was stable in high pH
solutions. Alternately a thin nickel foil can be used for connecting the battery. The assembled
battery was discharged using a battery tester (Arbin Instruments). The polarization and EIS
experiments were carried out using a VERSASTAT 4 potentiostat (Princeton Applied Research).
The SEM microscopy was done on TM3000 (Hitachi). The battery was flexed using a device
with programmable stages. The conductivity of the electrodes during the flexing test was
measured using a programmable digital multimeter (Keithley). The 7-segment serial display,
microcontroller (Arduino), DC-DC convertor and flex sensor was sourced from Sparkfun
Electronics.
We used a non-woven polyimide (PI) membrane as a backbone for the composite battery
electrode. The PI is base stable and provided three-dimensional reinforcement for the electrode
slurries. Figure 6.1 shows a schematic of embedding the membrane with electrochemically
active inks. The membrane was embedded by soaking in a beaker containing the
electrochemically active ink for 60 seconds. The ‘MnO2 ink’ was a mixture of MnO2 particles,
graphite – conductive additive –, binder and deionized (DI) water as solvent. The ‘Zn ink’ was a
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Figure 6.1 Schematic of making reinforced flexible battery electrodes. A flexible MnO2
electrode was fabricated by soaking a polyimide membrane in ‘MnO2 ink’ for 1 minute, followed
by heating the electrode for 1 hour at 70°C to remove the solvent. Silver ink was printed on the
MnO2 electrode and baked at 70°C for 30 minutes. Similar process was used to fabricate the zinc
electrode.

!
!
!
!
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mix of Zn, ZnO and Bi2O3 – as an additive to reduce hydrogen formation – , binder and ethylene
glycol – as solvent. Due to the porous, hydrophilic nature of the membrane, the ink was readily
absorbed. The membrane was then taken out of the beaker and excess ink was removed by
passing through a doctor blade such that only the ink inside the membrane remained. The
solution-based embedding technique was versatile and can be used with other electrochemically
active inks. The membrane was then heated in an oven at 70°C for 60 minutes to remove
residual solvents. The concentration of the inks were optimized to ensure that the ink can easily
occupy all the open spaces in the membrane and leaving behind no open spaces once the solvent
was removed. If a higher fraction of solvent was used, the loading of the electrode decreased and
large numbers of open spaces were observed in the membrane. After the baking step, a 10 µm
layer of silver and carbon ink was printed using a doctor blade on the MnO2 and zinc electrodes,
respectively, to serve as the current collectors. The silver and carbon ink was baked at 70 °C for
30 minutes. The thickness of the silver and carbon electrodes after baking was ~5 µm. The
decrease in thickness was due to removal of solvents. The resistivity of silver and carbon inks
after curing was 4.95 × 10-5 and 2 × 10-1 ohm-cm, respectively.
The chosen current collector/electrode combinations were designed to stabilize the
battery while providing sufficient conductivity. Silver was used with the cathode to maximize
electronic conductivity. However the silver ink was incompatible with zinc as it catalyzed
corrosion/hydrogen generation at three-phase contact between the silver, zinc and the electrolyte.
When carbon ink was used as an anode current collector, the carbon surface did not catalyze
hydrogen formation. Hence carbon ink was used as a current collector on the zinc electrode. A
very small ohmic potential drop was observed during discharge, indicating sufficient
conductivity of carbon and silver layer as current collector for the zinc and MnO2 electrode,
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respectively. In other approaches, researchers have used thin metallic foils and printed carbon
nanotubes (CNTs) as the current collectors but they are too expensive and they increase the cost
of the battery. Even with the resistance of casted CNTs layer reaching as low as ~10 ohm/sq, it
was still two orders of magnitude higher than silver layer (~0.015 ohm/sq) and MnO2 electrode
with a poor electronic conductivity showed a large ohmic potential drop (0.1 - 0.2 V at C/20 C/5 discharge rate) when CNTs were used as the current collector.

6.3. Results
6.3.1. Scanning Electron Microscopy
The membrane and the electrodes were examined using scanning electron microscopy
(SEM). Figure 6.2 shows SEM micrographs of the membrane and the MnO2 and zinc electrodes.
Figure 6.2 A-C show the top-view and cross-section view of the membrane. The membrane was
made of randomly arranged non-woven polyimide fibers. The membrane had a thickness of
roughly 97 µm and was highly porous in nature. The fibers had a diameter of ~10 µm. Figure 6.2
D-F and Figure 6.2 G-I show the top-view and cross-section of the MnO2 and zinc electrode,
respectively. The micrographs show that the ink completely occupied all the void space in the
membrane. The thickness of the silver and carbon current collector was ~5 µm with good
interfacial contact between the current collector and electrode observed. The membrane was
stable in alkaline solution and had good adhesion to both electrodes. The average loading of the
MnO2 and zinc slurry was 14.8 and 42.0 mg/cm2, respectively. The high anode loading was due
to the high density of the zinc slurry. Hence, the effective capacity of the assembled cell was
limited by the cathode capacity.
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Figure 6.2. SEM image of the top-view of non-woven polyimide membrane (A, B), membrane
embedded with ‘MnO2 mix’– cathode (D) and ‘Zn mix’– anode (G), respectively. SEM image of
the cross-section of membrane (C) and cathode with silver current collector (E, F) and anode
with carbon current collector (H, I), respectively.
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Figure 6.3 SEM image of the MnO2 electrode flexed over a 3 mm diameter rod with
silver current collector under tension (A, B) and compression (C), respectively. Top-view of the
MnO2 electrode (D), silver (E) and carbon (F) current collectors, respectively, flexed to a bend
radius of 1.5 mm and under tension. (G (scale bar =1 cm), H) Optical images of the flexible
battery

!

108!

Due to the fibrous backbone, the electrodes were highly flexible and had paper-like
physical characteristics. The MnO2 and zinc electrodes were flexed to decreasing bend radius
and analyzed for visually observable degradation such as cracking and delamination. Figure 6.3
A show an SEM micrograph of the MnO2 electrode rolled over a 3 mm diameter rod,
demonstrating the compliant nature of the electrode. Figure 6.3 B and 6.3 C show a cross-section
view of the MnO2 electrode flexed to a bend radius of 1.5 mm with opposite stress profiles
generated through the thickness. In Figure 6.3 B, the silver current collector was under
compression and in Figure 6.3 C, the silver current collector was under tension. Figure 6.3 D
show the top-view of MnO2 under tension and flexed to a bend radius of 1.5 mm. Visually, the
MnO2 electrode showed no cracking or degradation when flexed repeatedly in both direction to a
bend radius as small as 1.5 mm. Similar characteristics were observed with the zinc electrode.
The membrane helps to prevent the strain induced cracking in the zinc and MnO2 electrode at
low bending radius. An unsupported electrode of similar thickness was flexible only up to a bend
radius of ~15 - 20 mm and severe mechanical degradations were observed after few flexing
cycles. The only observable effects of flexing in the electrode at a bend radius of 1.5 mm, was
crack nucleation on the silver and carbon current collectors on the MnO2 (Figure 6.3 E) and zinc
(Figure 6.3 F) electrode, respectively. The size of the cracks was larger on the silver current
collector as compared to carbon current collector. Experimentally, no cracks were observed on
the carbon and silver electrode up to a bend radius of 4 mm. Figure 6.3 G and 6.3 H shows
optical images of the battery. The MnO2 and zinc electrodes were sandwiched between two
sheets of flexible PVC (75 µm), with a layer of paper separator soaked with electrolyte used as a
separator and to provide ionic conductivity between the electrodes. The footprint of the active
layer was 1 inch2. Part of the electrode extended out of the cell and acted as a current lead for

!

109!

contacting the battery. The contact between the tab and the PVC sheet was sealed with a doublesided tape from 3M and the tape was stable in alkaline solution. The thickness of the assembled
flexible battery with the PVC casing was 450 µm.

6.3.2. Electrochemical Study
We studied the effect of graphite fraction in the MnO2 electrode on the discharge
performance of the battery. Four MnO2 electrodes with graphite content of 3.4, 6.7, 13.4 and
23.4% were prepared. It was observed that the capacity of MnO2 accessed increased with the
weight fraction of graphite (Figure 6.4 A). MnO2 particles alone had very poor electronic
conductivity; hence graphite was added to form a composite percolative conductive network to
ensure that every MnO2 particle was in contact with the graphite network.[34] MnO2 particles not
in contact with the graphite network did not take part in reaction and thus decreased the overall
capacity of the battery. Most of the first-electron reaction capacity (1.5 - 0.9 V) was accessed
when the graphite content was more than 13.4%. Beyond 0.9 - 0.8 V, a dissolution/precipitation
second-electron reaction took place where Mn+3 and Mn+2 ions recrystallized on the graphite
surface to form Mn3O4 and Mn(OH)2.[35-38] The reaction took place at the triple phase boundary
between the graphite, cathode and electrolyte, and MnO2 electrode with 23.4% graphite had
higher surface area and accessed more of the second-electron reaction capacity compared to
MnO2 electrode with 13.4% graphite. MnO2 electrodes with 23.4% graphite consistently yielded
higher overall discharge capacity and the electrode could be discharged at a higher rate without
any significant loss in capacity. Hence, MnO2 electrodes were prepared with graphite content of
23.4%.
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Figure 6.4 A) Discharge curves for batteries with graphite content of 3.4, 6.7, 13.4 and 23.4% at
discharge current of 1 mA. B) Discharge curves for battery with graphite content of 23.4% and
discharge current of 0.5, 1.0 and 4.0 mA. C) Polarization curves for battery from OCV to 0 V at
50mV/s under flat and flexed condition (Inset: Curve between 1.1 and 0.9 V)
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We then studied the rate capability of the flexible battery. Figure 6.4 B shows the
discharge curves for the battery discharged at 0.5 (C/40), 1 (C/20) and 4 (C/5) mA. The battery
had a maximum theoretical capacity of 3100 µAh/cm2 for the first-electron reaction. The
discharge characteristic of the battery was similar to commercially available Zn-MnO2 alkaline
battery. Most of the first-electron reaction capacity (~ 90%) was accessed up to C/20 discharge
rate with capacity decreased by ~ 18-20% when the discharge rate was increased to C/5. The
ohmic potential drop during discharge (I×R) increased with the discharge current. The discharge
capacity of the battery below 0.9 V was lower when discharged at 0.5 mA than at 1.0 mA. At
discharge current of 0.5 mA, the Mn+3 ions were consumed in second-electron reaction at a rate
slower than they were formed by dissolution of MnO2 particles. Hence, the Mn+3 ions, once
formed, diffused from bulk of the MnO2 electrode to the electrolyte in the separator. Only the
Mn+3 ions that were close to graphite surface took part in the recrystallization reaction to form
Mn3O4 and Mn(OH)2 as the discharge products. Hence the Mn+3 ions diffused to the separator
did not take part in the second-electron reaction and led to a lower discharge capacity at
discharge current of 0.5 mA.
Figure 6.4 C shows polarization curves from Open circuit potential (OCV) of 1.5 V to 0
V at 50 mV/s for the unflexed battery and for batteries where the MnO2 electrode was under
tension and compression at a bend radius of 2.54 cm. At 1.0 V, the polarization current for the
unflexed battery was 108.2 mA and increased to 115.8 and 137.0 mA with the MnO2 electrode
under compression and tension, respectively. The increase in current was higher when the MnO2
electrode was under tension. We carry out further experiment to study the effects of flexing on
the electro-mechanical performance of the battery.
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6.3.3. Flexing Effects
A flexible/thin-film battery can serve as power source for compliant electronic devices
such as active smart tags or wearable health monitoring bandages. In these devices, the battery
would either be in a static flat or flexed state, or the battery would be in a dynamic state and
experience multiple flex cycles during its operational lifetime. Figure 6.5 shows a schematic of
stresses generated in a stacked structure. There is a neutral (zero-stress) plane that passes through
the center of structure and tensile and compressive stresses are generated in the body. The
magnitude of the stress increases linearly with the distance from the neutral plane. In a flexible
battery with sandwich architecture, the neutral plane passed through the separator and, depending
on the direction of flex, the MnO2 and zinc electrodes would be in opposing states of
compressive and tensile stress. In a battery with unsupported electrodes, multiple flex cycles
would nucleate cracks, commensurate with an increase in the charge transfer resistance through
the cell. Based on the stress profile generated during bending, the cause of degradation in a
battery during flexing could be (a) a decrease in the electrical conductivity of the current
collector, causing a large ohmic potential drop during discharge or/and (b) delamination of the
current collector from the electrode or/and (c) an increase in the charge transfer resistance
through the cell due to crack nucleation and decrease in inter-particle contact in the electrode
during flexing. To prevent these effects, the active layers in flexible batteries are generally made
as thin as possible and a higher bend radius limit is set in order to minimize the effects of
bending stresses on mechanical integrity and battery performance.
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Figure 6.5 Schematic of mechanical stresses generated in a battery during flexing.
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We instigated the effect of flexing and fatigue on the conductivity of carbon and silver
current collectors printed on the anode and cathode, respectively. The current collectors had a
thickness of ~5 µm and were uniformly coated on the zinc and MnO2 electrode. The electrodes
were flexed repeatedly between flat and flexed state, such that the electrodes in the flex state was
either in tension or compression. Figure 6.6 A and 6.6 B shows the resistance changes over 1000
flex cycles for the carbon and silver electrodes, respectively, flexed to a bend radius of 1.27 cm,
between flat-tension and flat-compression state (Inset: Resistance change from 700 to 720 flex
cycles). For both carbon and silver electrodes, the resistance was lower when the electrode was
under tension and the resistance increased when the electrode was under compression. Figure 6.6
C and 6.6 D show the resistance change over the first 50 flex cycles. The carbon electrode
showed a stable behavior after few flexing cycles and had a high resistance to fatigue as
compared to the silver electrode. The silver electrodes showed a steady increase in resistance
with flexing cycles after first 50 flex cycles. The observed change in resistance with bending
direction was counter-intuitive. One would expect the resistance to increase when the electrode is
in tension and to decrease during compression. The observed behavior can explained by the
nature of particles in the silver and carbon inks. The silver and carbon particles were in form of
thin flakes (Figure 6.6 E and 6.6 F). The flakes had a thickness of ~ 1 µm and width of ~ 5-20
µm. When the electrode was flexed to a tensile state, there was an improved connection among
the flakes along the z-direction, which lead to a decrease in the resistance. Similarly, under
compression the contact between the particles decreases, increasing the resistance. The higher
fatigue resistance of the carbon electrode was due to higher fraction of binder in the ink. The
resistance change of both current collectors was below acceptable limits and would not cause a
drastic increase in ohmic potential drop during discharge. Flexing and tape test indicate a good
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Figure 6.6 Change in resistance of 5 µm carbon (A) and silver (B) current collector flexed to
1.27 cm bend radius for 1000 flex cycles, respectively. (Inset: Change in resistance between 700
and 720 flex cycles). (C) And (D) shows resistance change over first 50 flex cycles. SEM image
of the top-view of carbon (E) and silver (F) current collector, respectively
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adhesion of the current collectors to the electrode and delaminations would not occur during
flexing.
After studying the effect of flexing and fatigue on the resistance of the current collectors,
the effect of flexing on the discharge performance and the mechanical integrity of the battery
was studied. Figure 6.7 A and 6.7 B show discharge curves for the batteries discharged at 1 mA
with MnO2 electrode flexed to a bend radii of 5.72, 2.54 and 1.27 cm, under tension and
compression, respectively (Inset: Discharge capacity accessed at 0.8 and 0.6 V at different bend
radii). There was a noticeable increase in the discharge output of the battery when the MnO2
electrode was under tension. The capacity of the battery increased up to ~10% at bend radius of
2.54 cm. A slight decrease in capacity was observed beyond this point, but the capacity was still
higher as compared to a discharge capacity of an unflexed battery. The increase in capacity may
be due an improvement in particle-to-particle contact in the battery, leading to a decrease in the
charge transfer resistance through the MnO2 electrode. A very small improvement in the capacity
(~2%) of the battery was observed when the MnO2 electrode was under compression and again
the maximum capacity was observed at bend radius of 2.54 cm. Hence the MnO2 and zinc
electrodes reinforced with a membrane shows no degradation in performance when flexed in
both directions. The fibers act as a support and absorb most of the stress when the battery was
flexed. As noted earlier, there was an excess of Zn in the battery and any improvement or
degradation in the kinetics of Zn electrode during flexing will not change the capacity of the
battery accessed. Therefore the capacity of the battery was limited by the performance of the
MnO2 electrode and any improvement or degradation in the capacity of the battery can be related
to structural changes in the MnO2 electrode.
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Figure 6.7 Discharge curves for batteries with MnO2 electrode under tension (A), and
compression (B), respectively, at discharge current of 1mA for an unflexed and batteries flexed
to bend radii of 5.72, 2.54 and 1.27 cm. EIS curves for batteries with MnO2 electrode under
tension (C), and compression (D), respectively, for an unflexed and batteries flexed to bend radii
of 5.72, 2.54 and 1.27 cm
!
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An Electrochemical Impedance Spectroscopy (EIS) experiment was carried out to study
the effect of flexing on the structural properties of the battery. Fig 6.7 C and 6.7 D show EIS
curves for the battery with MnO2 electrode under tension and compression, respectively, at bend
radii of 5.72, 2.54 and 1.27 cm. The charge transfer resistance (CTR, Rc) was the measure of
ease with which charge can be transferred through the battery, was measured by fitting the EIS
curve at high frequency to a semi-circle, with the CTR being the diameter of the semi-circle. A
change in the CTR would give an indication of the mechanical integrity of the battery. The CTR
for a battery under no stress was 0.294 ohm and decreased to 0.254, 0.038 and 0.080 ohm when
the MnO2 electrode was under tension, at a bend radius of 5.72, 2.54 and 1.27 cm, respectively.
Hence an improvement in discharge capacity when the MnO2 electrode was under tension can be
correlated with a decrease in CTR. The decrease in CTR was due to better particle-to-particle
contact in the MnO2 electrode. The CTR values of 0.326, 0.262 and 0.249 were observed when
the MnO2 was under compression, at a bend radii of 5.72, 2.54 and 1.27 cm, respectively, and
hence flexing the MnO2 electrode in compression did not cause a noticeable change in the
discharge characteristics of the battery. The EIS experiments indicate that when the composite
MnO2/fibrous membrane composite was under tension, compressive forces are generated in the
MnO2/graphite mix, causing an improvement in the particle-to-particle contact and decreasing
the CTR. The observed behavior was opposite of that expected in flexed structure. One would
expect that under tension, crack would form in the electrode and decrease particle-to-particle
contact. The reverse trend might be due to the fibrous scaffold architecture of the electrode.
When the electrode as a whole was in tension, there was tensile stress generated in the fibers in
the x-y plane and compression along the z-direction, bringing the MnO2/graphite mix in better
contact and leading to a drop in charge transfer resistance. The opposite was expected when the
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MnO2 electrode was in compression. Hence, if the battery was flexed predominantly in one
direction during operation, it would be advisable to flex the MnO2 electrode in tension as it
improves the charge-transfer characteristics through the electrode.
After studying the effect of a single flex on the discharge characteristics and structural
integrity of the electrode, we studied the effect of fatigue due to repeated flexing. The battery
was flexed repeatedly to a bend radius of 2.54 cm such that the MnO2 electrode was either in
tension or compression in the flexed state. The batteries were discharged and EIS experiments
were carried out after 1000 flex cycles. Figure 6.8 A shows the discharge curves of an unflexed
battery and batteries after flexing for 1000 cycles. The batteries after flexing had a lower starting
potential (OCV - 1.45V). The drop in potential could be due to self-discharge or structural
changes in the electrode. But the drop in OCV did affect the capacity accessed when discharged
to a potential of 1 V. The potential of the flexed cells during discharge was lower than unflexed
cells due to lower starting potential and a higher CTR. EIS experiments were carried out to study
the effect of flexing on the charge transfer characteristics through the cell. The CTR increased
from 0.294 ohm to 0.698 ohm for MnO2 flexed to tensile, and to 1.817 ohm for compressive
cyclical flexing. The increase in CTR was higher for the MnO2 electrode under compressive
stress than for tensile stress. The results from the fatigue test indicate that repeated flexing
caused an increase in CTR, which lead to a high potential drop during discharge. Flexing the
battery such the MnO2 was in compression had a higher effect on the CTR as compared to MnO2
to tension. But even with the increase in the CTR due to flexing, the capacity of the battery
accessed did not change significantly, indicating a good fatigue resistance of the battery system.
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Figure 6.8 Comparison of the discharge (A) and EIS curves (B), respectively, of an unflexed
battery to batteries flexed for 1000 times to bend radii of 2.54 cm such the MnO2 electrode was
flexed either to tension or compression
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In a demonstration (Figure 6.9), a flexible battery pack (3V, two batteries stacked in
series) was used to power a setup of a blue LED display controlled with a programmable
microcontroller (Arduino). A DC-DC convertor was used to increase the potential of the battery
(2.0 - 3.0 V) to 3.3 V to power the microcontroller. A strain sensor was attached to the battery
and the resistance change during flexing the battery was used as a signal by the microcontroller
to display either ‘FLAT’ or ‘BEND’ when the battery was flat or flexed.
The Zn-MnO2 battery cannot be recharged due to formation of an irreversible ZnO.Mn2O3 phase
beyond a potential of ~1.15 V. The chemistry can be made rechargeable by limiting the final
potential of the battery to a minimum of 1.2 V.[39] The flexible battery demonstrated here cannot
be recharged due to oxidation of the silver current collector above a potential of ~1.65 V.[8] A
rechargeable battery would require highly conductive non-oxidizing printable inks. Copper and
aluminum-based inks are incompatible with high pH KOH electrolyte and other non-oxidizing
printable current collectors such as CNTs and nickel have conductivity lower than that required
for MnO2 electrode. Further developments in nanoparticle based highly conducting nickel ink
could help to replace silver current collectors. Due to the low cost of the raw materials associated
with a Zn-MnO2 battery, the chemistry is ideal for low-cost primary flexible battery for
inexpensive devices such as an active RFID tags or a smart sensors with a short life expectancy.
The materials associated with an alkaline Zn-MnO2 battery are non-toxic and the battery can be
disposed easily after use. The battery design can be easily customizable depending on the power
and voltage requirement of the device.
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Figure 6.9 Demonstration of a 3V flexible battery pack (two batteries stacked in series)
integrated with a blue LED display (D), microcontroller and a DC-DC convertor. A strain sensor
(C) attached to the battery was used to control the display. The LED-display showed ‘FLAT’ (A)
or ‘BEND’ (B) when the battery was flat or flexed.
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6.4. Conclusion
In summary, we demonstrate a technique to reinforce battery electrodes by embedding
the electrode inside a porous non-woven membrane with a solution based casting process. The
membrane acts as the support, prevents crack nucleation and absorbs the stress generated during
flexing. The reinforced electrode had improved mechanical properties as compared to an
unsupported electrode. The technique was used to fabricate a flexible Zn-MnO2 battery. The
electrochemical performance of the batteries was limited by MnO2 electrode due to higher
capacity of the zinc electrode. Graphite was used as a conductive additive to improve chargetransfer characteristics through the MnO2 electrode.

The capacity of the MnO2 electrode

accessed increased with the graphite fraction in the electrode. A graphite content of ~23%
showed a good balance between improving the charge transfer properties while maintaining a
high capacity of the MnO2 electrode. A printed carbon and silver layer was used as current
collectors for the zinc and MnO2 electrode. Flexing test showed that the resistance of the carbon
and silver layer increased when the layer was in compression and it decreased when the layer
was in tension due the shape of the particles. An improvement in discharge capacity of ~10%
was observed when the MnO2 electrode was under tension. Flexing the battery such the MnO2
electrode was in compression did not significantly change the discharge characteristics. EIS
study indicated that when the MnO2 electrode was in tension, there was compressive force
generated through the graphite-MnO2 mix, reducing the charge transfer resistance and increasing
the capacity accessed. Fatigue test show that the battery was able to maintain its capacity even
after repeated flexing. Flexing the MnO2 electrode repeatedly in compressive state had a larger
increase in charge transfer resistance as compared to flexing the MnO2 electrode to tension. In a
demonstration, the flexible battery was used to power a LED display and a microcontroller
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Chapter 7
Study of Oxidation of Bismuth Deposited on a Platinum
Rotating Disk Electrode- Morphology and Kinetic Effects

7.1. Introduction
Bismuth is an additive of interest in many materials systems due to its surfactant like
qualities across multiple systems. We find that bismuth deposited on a rotating disk platinum
electrode from 8.9 M KOH solution saturated with bismuth oxide shows conformal, then faceted,
then fern/fibrous morphology with increasing current density. Upon oxidation of these structures,
we observed a multiple step process. We find that the kinetics of bismuth oxidation depend on
the morphology of deposit, and the slow dissolution kinetics of Bi(OH)! /BiOOH in KOH was
the rate-determining step during oxidation under the first peak in cyclic voltammetry scan.
Bismuth, when added in small quantities in form of pure metal or oxide in MnO2, zinc
pasted electrodes and lithium cathode material can considerably improve its cycling performance.
[1-5]

Various forms of MnO2 are rechargeable when discharged to a limit of 0.5 Faradays (F) per

Mn atom, but in the presence of Bi it becomes reversible even when discharged to 1.5 F per Mn
by preventing formation of irreversible spinel Mn3O4 phase.[1, 2, 6] Bismuth coated electrodes
have been used for anodic stripping voltammtery analysis to detect heavy metals.[7] Bi! O!
powder and its derivatives have been studied in pasted composite electrodes

!

[8, 9]

and the two
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peaks during oxidation scan, were related to two different forms of reduced bismuth, one
deposited from BiO!
! ions and other from direct solid state reduction of Bi! O! . Electrochemical
reduction and oxidation of Bi2O3 and Bi2O2CO3 was studied in a cavity microelectrode (CME) at
high scan rates. Two oxidation peaks followed by a plateau were related to the exhaustion of
OH ! ions in the microcavity, which leads to an increase in localized pH and potential for
oxidation. The formation of an intermediate oxide of Bi OH ! /BiOOH slowed the arrival of OH !
to Bi!"#! .[10,

11]

Bismuth deposition on platinum occurs formation of an initial monolayer

followed by bulk deposition.[12,

13]

There is still a discrepancy in the governing mechanism

behind the two peaks evolved during bismuth oxidation. In all cases, the reformation of bismuth
oxide is critical to further cycling of the device.
In this work, we study the effect of bismuth deposit morphology on bismuth oxidation
mechanism and we determine the rate-determining step for bismuth oxidation at low
overpotential. Bismuth was deposited on platinum rotating disk electrode (RDE) from 8.9 M
KOH saturated with bismuth, either galvanostatically or by scanning in negative direction from 0.55 V. The morphology of the bismuth deposition was observed in an SEM and confirmed with
Energy Dispersive X-ray analysis (EDX).

7.2. Experimental
Electrolyte Preparation: 8.9 M KOH was prepared by dissolving ACS grade KOH pellets
(Sigma Aldrich) in DI water at room temperature. Bismuth saturated 8.9 M KOH was made by
adding excess of Bi2O3 (99.999%, Sigma Aldrich) to stock 8.9 M KOH solution and stirred
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overnight at room temperature. Undissolved Bi2O3 was allowed to settle at the bottom of the
flask. The concentration of Bi2O3 dissolved in 8.9 M KOH was 25.6 ± 0.9 mg/L.
Rotating(Disk(Electrode(and(cell(setup: Bismuth deposition was carried out on platinum RDE
(5mm, Pine Instruments Inc.) mounted on an electrode rotator connected to a RPM controller.
Before each experiment the platinum electrode was polished using 400, 600, 800 and 1200 grid
silicon carbide sanding paper. After polishing, the electrode was degreased and cleaned by
alternatively washing with acetone and DI water.
Electrochemical Device: The electrochemical experiments were carried out in a three-electrode
setup using a programmable potentiostat (µAutolab). The reference electrode was Hg/HgO,
counter electrode was a platinum wire and the working electrode was platinum RDE.
Electron Microscopy- After the deposition of bismuth on the platinum electrode, the deposits
were washed repeatedly with DI water, dried in an oven, and then imaged immediately under a
scanning electron microscope (SEM, TM 3000, Hitachi) and chemically confirmed with a
Bruker EDX unit.

7.3. Results and Discussion
7.3.1. Cyclic Voltammetery of Platinum in KOH and KOH saturated with
Bismuth
Figure 7.1 shows cyclic voltammetry (CV) of a platinum RDE in 8.9 M KOH and 8.9 M
KOH/ Bi Sat at 10 mV/s at 1600 RPM. In both cases, the scan started at -0.4 V, first towards -0.9
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V and then in the positive direction to 0.55 V. In 8.9 M KOH, three peaks (OP1, OP2 and OP3) at 0.149, 0.204 and 0.461 V, due to platinum oxidation, [14] followed by an oxygen formation curve
starting at 0.505 V were observed during the positive direction scan. During reverse scan from 0.55 V there was a peak at 0.342 V due to reduction of platinum oxide. The charge passed during
platinum oxide reduction peak was much smaller than that during platinum oxidation, indicating
that some amount of platinum oxide will always remain on the electrode surface once formed. [12,
13]

In 8.9 M KOH/Bi Sat, bismuth was deposited during scan in negative direction after 0.65 V. Bismuth depositions on platinum required an overpotential of 80 mV. During scan in
positive direction from -0.9 V, a nucleation loop was observed and the bismuth oxidation began
at -0.57 V. A total of 5 peaks were observed during the oxidation of bismuth on platinum. Peaks
OB1 and OB2, at -0.551 and -0.457 V respectively are due to oxidation of bismuth. The remaining
three peaks, OP1, OP2 and OP3, also observed during scan in pure KOH with no bismuth can be
related to the oxidation of platinum.

7.3.2. Morphology of Bismuth on Platinum
We studied the effect of current density on bismuth deposition by plating bismuth at
25.46, 50.92, 73.39 and 101.86 µA/cm2 at 2500 RPM. The current densities are below the mass
transfer limited current density of 107.89 µA/cm2 at 2500 RPM. Bismuth was deposited for 3600,
1800, 1200, 900 s respectively for the current densities mentioned above and 72 mC of charge
passed in each experiment. Figure 7.2 shows the SEM micrograph of bismuth deposited at
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Figure 7.1 CV at 10 mV/s from -0.4 V to -0.9 V and then to 0.55 V in 8.9 M KOH and 8.9 M
KOH /Bi Sat at 1600 RPM
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different current density at 1000X (Insert 10000X) magnification. From the SEM micrographs,
we clearly observe that the morphology of the bismuth deposit changed with the current density.
Figure 7.2 (a) shows bismuth deposited at 25.46 µA/cm2 having a conformal morphology
with some bismuth faceted intergrowth. Figure 7.2(b) and 2(c) shows bismuth deposited at 50.92
and 73.39 µA/cm2 respectively. Both deposits showed faceted, dense growth, where we observed
the expected behavior growth driven deposition in Figure 7.2(b) and nucleation driven deposition
in Figure 7.2(c). Deposition at 101.86 µA/cm2 showed a fern/fibrous morphology (Figure 7.2(d)),
indicating nucleation-dominated growth that is also mass transport limited. The morphology of
the bismuth deposition was seen to change from conformal to dense faceted to fern/fibrous type
with increasing plating current density. The SEM micrograph clearly showed that the surface
area of the deposit increased with the current density.
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Figure 7.2 a) SEM image of bismuth deposited at 25.46 µA/cm2 for 3600s. b) Bismuth deposited
at 50.92 µA/cm2 for 1800s. c) Bismuth deposited at 73.39 µA/cm2 for 1200s. d) Bismuth
deposited at µA/cm2 for 900s. Micrograph at 1000X magnification (Scale bar = 50 µm) and
insert images at 10000X (Scale bar = 5 µm)
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7.3.3. Bismuth Reduction/Oxidation Mechanism With Consideration of
Morphology
When Bi! O!! is dissolved in alkaline solution forms BiO!
! ions.

[15]

Initial monolayer

bismuth deposition takes place by reduction of BiO!
! adsorbed on Pt. The deposition of bulk
[12, 13]
bismuth is due to reduction of BiO!
! ions from the solution on this initial monolayer.

The proposed reaction steps for reduction of ads- BiO!
! on platinum are as follows [10] !
BiO!
! + Pt! → Pt − BiO!"#$

!!
Pt − BiO!
!"#$ + e! → Pt − BiO!"#$

!
!!
3Pt − BiO!!
!"#$ + 2H! O! → 2Pt − BiO!"#$ + 4!OH + Pt − Bi(O)!"#

Pt − Bi O

!"# ! →

Pt − Bi!"#

[1]
[2]
[3]
[4]

Once this monolayer is formed, the bulk deposition takes place on top of this layer by
reaction steps similar to (1) through (4).
Oxidation of bismuth is also a multiple step process consisting of the following steps [8,
10, 16]Bi!"# ! → Bi! + e

!

[5]

3!Bi!! → Bi!! + 2Bi!"#

[6]

3!OH !! + ! Bi!! ! → Bi(OH)! (Passivation)

[7]

Bi(OH)! ! → BiOOH + ! H! O (Dehydration)

[8]
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Bi(OH)!! + ! OH ! ! → BiO!
! + 2H! O (Dissolution – Slow Step)

[9]

During the oxidation of bismuth, Bi(OH)! is formed at the surface of Bi!"# in contact
with the electrolyte by reactions (5) through (7). Once formed, Bi(OH)! will either dehydrate to
form BiOOH or dissolve in KOH to form BiO!
! .

[11]

The dissolution process depends either on

mass transfer of OH ! to the Bi(OH)! deposits or due to the slow dissolution kinetics. In our
setup, the bismuth oxidation was conducted on a disk with a rotation speed of 2500 RPM to
overcome any OH ! !mass transport limitation to ensure that dissolution process was kinetic
limited. We further investigated the bismuth oxidation mechanism, its dependence on bismuth
deposit morphology and the effects of dissolution kinetics on the two peaks observed during
oxidation.

7.3.4. Morphology Effects on Bismuth Oxidation
We studied the effects of morphology of deposited bismuth on the oxidation mechanism.
Bismuth was deposited at 25.46, 50.92 and 101.86 µA/cm2 for 1200, 600 and 300 s respectively,
all at 2500 RPM (Figure 7.3). In each case, 24 mC of bismuth was deposited, setting a base line
for the expected oxidation current. As noted above the bismuth, has three distinct morphologies
as a function of current density and the surface area of Bi!"# in contact with the electrolyte
increased with the current density. After the deposition step, cyclic voltammetry was performed
in the positive direction from OCV of -0.57 V to 0.4 V at 10mV/s and electrode rotation of 2500
RPM. During scan in positive direction Bi(OH)! was formed at the surface, which then dissolves
in KOH. We hypothesize that peak OB1 was formed when the dissolution rate was slower than
the Bi(OH)! formation rate and a dense Bi(OH)! layer completely covered the electrode
!
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Figure 7.3 Cyclic voltammetery from -0.57 V to 0.4 V at 10mV/s after bismuth deposition at
25.46, 50.92 and 101.86 µA/cm2 for 1200, 600 and 300s
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The amount of charge passed before a passivating layer is formed should depend on the available
surface area and the morphology. Indeed, from the CV, we observed a direct relation to the
morphology of the deposit and the height of peak OB1, indicating that the height of peak OB1
increased with the available surface area of the deposit.
We believe that the area under peak OB2 was due to oxidation of remaining bulk Bi
activated by high overpotential. We observe that as the surface area of the deposit decreased, the
overpotential required for complete oxidation increased. This can be explained due to the
decrease in active sites available on the surface corresponding to the deposit morphology. We
observe a decrease in oxidation overpotential as a function of increasing surface area, indicating
that that oxidation beyond Bi(OH)! is also a surface limited phenomenon.

7.3.5. Kinetic Effects on Bismuth Oxidation
We believe the data supports the oxidation path of bismuth on platinum indicated by reactions
(5) through (9), consisting of formation of Bi!! ions from Bi!"# . We further investigated the
rate-limiting step, which leads to the formation of peak OB1 and OB2. The bismuth oxidation
leading to formation of Bi(OH)! was due to reactions (8) through (10). The oxidation rate can be
controlled during the oxidation scan with the scan speed, and the relative charge passed in each
peak will give information regarding the rate-controlling step.
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Figure 7.4 Cyclic voltammetery from -0.57 V to 0.4 V at 1, 10 and 50 mV/s after bismuth
deposition by carrying out a cyclic voltammetery scan from -0.55 V to -0.85 V at 5 mV/s
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Bismuth was deposited by carrying out a cyclic voltammetry scan from -0.55 to -0.85V at
5 mV/s and electrode rotation at 2500 RPM (Figure 7.4). After the deposition, a positive scan
was carried out from OCV of -0.57 V to 0.4 V at 1, 10 and 50 mV/s. For a CV scan at 1mV/s we
observed that the height of peak OB1 is larger than peak OB2. At faster scan rates of 10 and 50
mV/s, we observed that the charge passed under peak OB1 decreased with increasing scan rate.
This suggests that by controlling the bismuth oxidation rate, the complete passivation of the
bismuth oxide layer could be prevented, and majority of the bismuth oxidized during formation
of the first peak. At higher oxidation rates, the amount of bismuth that was oxidized in the first
peak decreased and the passivation layer was formed at a smaller fraction of the total oxidation
charge passed. This indicates that the dissolution of Bi(OH)! layer in KOH was the ratedetermining step (RDS) for the bismuth oxidation at low overpotential. At slow oxidation rates at
1mV/s, the oxidation kinetics were slow enough to ensure that complete passivation does not
take place until a majority of the bismuth was oxidized.

7.4. Conclusion
Bismuth deposited from a solution of 8.9 M KOH/Bi sat showed conformal, then faceted,
then fern/fibrous morphology with increasing current density. The oxidation of bismuth takes
place on the surface and depended on the morphology. The slow dissolution of bismuth oxide in
KOH was the rate-determining step, which reduced the rate of further oxidation.
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Chapter 8
Electrochemical Study of MnO2-Printed on a Rotating Disk
Electrode

8.1. Introduction
Over the past century there has been a tremendous increase in energy demands of society.
Non-renewable energy sources such as oil, gas and coal have fulfilled most of the energy
requirements but these resources are dwindling. Over the past few decades, there has been a push
towards renewable energy sources as wind, solar, etc. The problem with using renewable energy
sources is that the energy generation is intermittent and the energy generation does not
necessarily meet the demand. Hence, energy storage devices such as a grid-scale batteries are
required to store energy in form of electrochemical energy. The energy generated by solar and
wind farms can be used to charge large-scale batteries and the energy stored in these batteries
can be discharged during the period for high demand to shave peak loads. Peak shaving prevents
the power company from starting their expensive reserve power generation such as gas turbine.
In order to introduce large scale batteries in the grid, the battery chemistry should be safe – easy
to handle and maintain, non-toxic – should not emit toxic fumes during operation and cheap –
low capital cost.
Li-Ion battery has been the preferred battery system for portable consumer electronics such
as laptops, mobile phones and electrical vehicles due to its high energy density and long lifetime.
But lithium-ion batteries are inherently unsafe when used in large formats. They can easily catch
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fires and cause run-away heat-generating reactions. MnO2 based electrochemical systems is ideal
for grid scale storage systems as MnO2 is abundant, inexpensive and environmentally friendly.
MnO2 electrode is used as a cathode in Zn-MnO2 battery. The battery chemistry is safe and does
not catch fire and generate excessive heat if the potential goes beyond certain limit. Zn-MnO2
battery chemistry is non-rechargeable when the battery is discharged beyond a potential of 1.0 V
due to formation of Zn-Mn2O3 phase on the MnO2 electrode, which poisons MnO2. MnO2
electrode can be made rechargeable by discharging it only to a fraction of its capacity or by
adding additives to prevent formations of spinel non-rechargeable phases during discharge.
In a grid scale battery system, the energy density of the battery is not an important metric as
there are no volume or size constraints for such battery systems. The important points that the
battery should fulfill are high cycle life, low capital cost and safety. Zn-MnO2 can be made
rechargeable but discharging to fraction of its capacity. The lifetime of the battery can be
significantly improved by discharging the MnO2 electrode only to 5-10% of its first-electron
capacity. In this work I study the optimum operating conditions of Zn-MnO2 flow battery. I
study the effects of electrolyte concentration, presence of Zn ion and mass transfer effects on the
electrochemical performance of MnO2 electrode.

[1-44]

8.2. Experimental
The glassy carbon rotating disk electrode (RDE) with 5mm diameter was sourced from Pine
Instruments. An MnO2 electrode was printed on the RDE using stencil-printing technique.
Before printing the MnO2 electrode, the glassy carbon RDE was polished using sandpaper of
increasing grit number (300, 600, 800, 1200), each for 60 seconds. Polishing helps to ensure all
the residual MnO2 from previous experiments is removed. After polishing, the RDE was washed
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repeatedly with water and acetone. A mask was prepared by laser cutting a circle of 5 mm
diameter in a tape with a thickness of 120 micron. The laser cut circle and the thickness of the
tape defined the thickness of the printed MnO2 electrode. MnO2 powders were sourced from
Tronox, Inframat and Tosch. The ‘MnO2 Ink’ was mix of MnO2 powder, Graphite (10 um) and a
polystyrene binder. After the MnO2 ink was casted, the electrode was heated at 70 °C for 1 hour.
The electrolyte was prepared by mixing pellets of KOH and ZnO in deionized water. The
solution was mixed overnight till a clear solution was formed.

8.3. Results and Discussion
8.3.1. MnO2 characteristics
I first study effects of electrolyte concentration and presence of ZnO on the discharge
characteristics of MnO2 electrode. Figure 8.1 shows discharge curves for MnO2 electrode in 1,
8.9 M KOH and 8.9/0.61 M KOH/ZnO at discharge rate of C/10. The electrode had equal weight
fraction of MnO2 and graphite. Comparison of the discharge curves indicated that the potential of
the electrode depended on the electrolyte concentration. The potential of the electrode decreased
as the concentration of the electrolyte increased. The discharge curve for electrode in 8.9 M
KOH had 3 distinct regions. Region A from OCV to ~ -0.32 V – a homogenous first-electron
reaction. Region B from -0.32 V to -0.45 V – surface oxide (Mn2O3) formation. Region C from 0.45 V to -1.0 V – A dissolution-precipitation second-electron reaction. The presence of a threestep reaction during discharge of MnO2 in high concentration electrolyte solution has been
widely reported in literature. MnO2 electrode in 1M KOH takes part only in the homogenous
proton insertion reaction and a large potential drop was observed after this reaction is completed.
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Figure 8.1 Discharge curves for MnO2 electrode on a stationary carbon RDE in electrolyte of 9
M KOH, 1 M KOH and 0.61/9 M ZnO/KOH.
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MnO2 electrode in 8.9 M KOH/ 0.61 M ZnO does not take part in the second-electron reaction.
The comparison of discharge curves at different concentration indicates that the potential of the
homogeneous proton insertion reaction decreases with the concentration of the electrolyte but the
extend of reaction does not depend on the concentration. The second-electron is a
dissolution/precipitation reaction, where MnO2 dissolves in the electrolyte to form Mn+2 and
Mn+3 ions and combine on the graphite surface to form cubic Mn3O4 and Mn(OH)2. This reaction
depends on the dissolution of Mn+2 and Mn+3 ions in the electrolyte. In 8.9 M KOH, the
solubility of Mn+2/Mn+3 ions is an order of magnitude higher than 1 M KOH. Hence MnO2
electrode in 1M KOH, due to its low solubility does not take part in the second-electron reaction.
In presence of ZnO, it has been previously demonstrated that beyond the first-electron reaction a
spinal ZnO.Mn2O3 phase is formed. The close packed structure prevents dissolution of MnO2
reaction in region C leading to a large drop in potential after completion of the reaction.
After initial studies on the effect of electrolyte concentration and presence of ZnO in
KOH, I studied the difference in discharge profile with MnO2 sourced from different companies.
Electrolytic MnO2 (EMD) is the choice of MnO2 for batteries. EMD is an intertwinning of
ramstellite and pyrolusite phases. Figure 8.2 A and 8.2 B show discharge curve for MnO2
electrode made with battery grade tronox powder, a 10 um tronox powder, battery grade inframat
powder, inframat with bismuth additive and tosch MnO2 powder. The discharge experiment was
carried out in 9 M KOH. The plot shows that all of the MnO2 electrodes take part in the firstelectron homogenous reaction and the surface oxide reaction. The second-electron reaction was
seen to be dependent on the size of MnO2 powder. Tosch MnO2 powder with average particles
size of ~5 um had a higher extend of the second-electron reaction as compared to the Tronox-10
um. The rest of the MnO2 powder had particles size ranging from 5-200 um and did not take part
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Figure 8.2 Discharge curves for MnO2 electrode on a stationary carbon RDE casted with MnO2
from Tronox (10 um), Inframat (Bismuth Additive), Inframat, Tronox (Battery Grade) and Tosch
discharge at rate of C/10 from OCV to -1.0 V (A) and -0.5 V (B)
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Figure 8.3 Change in potential vs. depth of discharge for MnO2 electrode on a stationary carbon
RDE casted with MnO2 from Tronox (10 um), Inframat (Bismuth Additive), Inframat, Tronox
(Battery Grade) and Tosch. The discharge was carried out at C/10 rate in electrolyte of 9M KOH.
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in second electron reaction to a large extend. The second-electron reaction depends on
dissolution of Mn+2/Mn+3 ions in the electrolyte and the MnO2 with smaller particle size had
higher surface area in contact with the electrolyte solution. Hence dissolution rate of Mn+2/Mn+3
particles in small size MnO2 particles were higher than in large-scale particles. Hence, the extend
of second-electron reaction was higher in electrode with smaller MnO2 particles.
A comparison of the potential drop with every 10% discharge for the first-electron
reaction indicates that there is equilibrium point around 20-40% depth of discharge where the
potential drop during discharge is minimum (Figure 8.3). After 70% depth of discharge another
minimum in the potential drop was observed due to initiation of the surface oxide formation
(Mn2O3). When cycling an MnO2 electrode to a fraction of its capacity, it would be ideal to cycle
the electrode between 20 – 40% depth of discharge due to low potential drop at this depth of
discharge.
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8.3.2. Mass Transfer Effects
I studied the effect of mass transfer on the discharge characteristics of MnO2 electrode
using a rotating disk electrode setup. A thin-film on MnO2 electrode was printed on a glassy
carbon rotating disk electrode (RDE) using stencil-printing technique. Three MnO2 electrode mix
with MnO2 weight fraction of 50, 70 and 85% was discharged with electrode under no rotation
and rotating at 1600 rpm. Rotating the electrode helps to improve the convection of the
electrolyte towards the electrode. I analyze the effects of improving the convection of electrolyte
towards the electrode on the discharge characteristics. Figure 8.4, 8.5 and 8.6 shows discharge
characteristics with 50, 70 and 85% of MnO2, respectively, at 0 and 1600 rpm. The discharge
plot shows the rotation has effect of improving the discharge capacity as the loading of MnO2 in
the electrode increase. The improvement was observed only for only the ion-based surface oxide
and dissolution- precipitation reaction. We observe that rotation has no effect on improving the
capacity accessed from the homogenous proton insertion reaction and only helps with reactions
based on formation of Mn+2/Mn+3 ions. The results thus indicate that the rotation helps to
improve the dissolution of Mn ions by forcing a fresh electrolyte solution on the MnO2 particles.
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Figure 8.4 A) Discharge curve of MnO2 electrode on carbon RDE with weight fraction of 50%
discharge at C/6 rate at 0 and 1600 rpm. SEM of a new electrode (B) and electrode after
discharge at 0(C) and 1600(D) rpm
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Figure 8.5 A) Discharge curve of MnO2 electrode on carbon RDE with weight fraction of 70%
discharge at C/6 and C/3 rate at 0 and 1600 rpm. SEM of a new electrode (B) and electrode after
discharge at C/6 rate and 0 (C) and 1600 (D) rpm and electrode after discharge at C/3 rate and 0
(E) and 1600 (F) rpm
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Figure 8.6 A) Discharge curve of MnO2 electrode on carbon RDE with weight fraction of 85%
discharge at C/10 rate at 0 and 1600 rpm. SEM of a new electrode (B) and electrode after
discharge at 0(C) and 1600(D) rpm
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8.3.3. Effect of Electrolyte Concentration
I then studied the effects of electrolyte concentration and Zn ions in detail by carrying out
cyclic voltammetry on MnO2 electrode. We carry of baseline cyclic voltammetry experiment of
macro-sized MnO2 electrode at rate of 0.025 mV/s in 9M KOH. Figure 8.7 and 8.8 shows cyclic
voltammetry curve for MnO2 and MnO2 electrode coated with bismuth. During scan in negative
direction three peaks were observed for the formation of MnOOH, Mn2O3 and for Mn3O4Mn(OH)2 formation. During scan in positive direction two peaks were observed for conversion
of Mn+2 to Mn+3 and Mn+3 to Mn+4. For MnO2 electrode with bismuth coating, peaks for
reduction and oxidation of bismuth were observed.
Figure 8.9 and 8.10 shows cyclic voltammetry of MnO2 electrode on a RDE at 0.1 mV/s
in electrolyte with concentration of 1, 3, 5, 7 and 9 M KOH. Figure 8.10 shows the comparison
at different electrolyte concentration. The homogenous insertion reaction was seen to be
independent of the electrolyte concentration. The second- electron reaction was seen to take
place only above an electrolyte concentration of 3 M KOH. Figure 8.11 A and 8.11 B shows the
summation of charge passed during cyclic voltammetry in the negative direction. It is observed
that up to a potential of -0.2 V vs. Hg/HgO, a lower concentration of electrolyte is preferred as
the potential was higher for low concentration KOH electrolyte. After ~0.2 V, a transition was
observed and a higher concentration of electrolyte is required for the surface oxide formation
reaction and for the dissolution and precipitation reaction.
Similar sets of experiments were carried out with KOH with ZnO in it. Figure 8.12 and
8.13 indicate that the presence of ZnO in the electrolyte prevents the ion-based ZnO.Mn2O3
phase at the end of the first-electron reaction, which prevents dissolution of MnO2 to form
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Figure 8.7 CV of a MnO2 electrode in 9M KOH at scan rate of 0.025 mV/s, from OCV and
between -0.85 and 0.45 V. The peaks indicates the phases formed during reduction and oxidation
of MnO2
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Figure 8.8 CV of a Bi-MnO2 electrode in 9M KOH at scan rate of 0.025 mV/s, from OCV and
between -0.85 and 0.45 V. The peaks indicates the phases formed during reduction and oxidation
of MnO2 with bismuth additive
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Figure 8.9 CV of a thin-film MnO2 electrode on a stationary carbon RDE at scan rate of 0.1
mV/s, from OCV and between -0.85 and 0.45 V in electrolyte of 1(A), 3(B), 5(C), 7(D) and 9(E)
M KOH
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Figure 8.10 Comparison of CV of a thin-film MnO2 electrode on a stationary carbon RDE at
scan rate of 0.1 mV/s, from OCV and between -0.85 and 0.45 V in electrolyte of 1, 3, 5, 7 and 9
M KOH
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Figure 8.11 Summation of the charge passed during linear scan from OCV to -0.4 V (A) and 0.85 V (B) of a thin-film MnO2 electrode on a stationary carbon RDE at scan rate of 0.1 mV/s in
electrolyte of 1, 3, 5, 7 and 9 M KOH
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Figure 8.12 CV of a thin-film MnO2 electrode on a stationary carbon RDE at scan rate of 0.1
mV/s, from OCV and between -0.85 and 0.45 V in electrolyte of 0.067/1(A), 0.2/3(B), 0.33/5(C),
0.46/7(D) and 0.6/9(E) M ZnO/KOH
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Figure 8.13 Comparison of CV of a thin-film MnO2 electrode on a stationary carbon RDE at
scan rate of 0.1 mV/s, from OCV and between -0.85 and 0.45 V in electrolyte of 0.067/1, 0.2/3,
0.33/5, 0.46/7 and 0.6/9 M ZnO/KOH
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Figure 8.14 Summation of the charge passed during linear scan from OCV to -0.4 V (A) and 0.85 V (B) of a thin-film MnO2 electrode on a stationary carbon RDE at scan rate of 0.25 mV/s
in electrolyte of 0.067/1, 0.2/3, 0.33/5, 0.46/7 and 0.6/9 M ZnO/KOH
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Figure 8.15 Summation of the charge passed during linear scan from -0.85 V to 0.45 V of a thinfilm MnO2 electrode on a stationary carbon RDE at scan rate of 0.25 mV/s in electrolyte of 1, 3,
5, 7 and 9 M KOH (A) and 0.067/1, 0.2/3, 0.33/5, 0.46/7 and 0.6/9 M ZnO/KOH (B).
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reaction regardless of the concentration of the KOH solution. The presence of ZnO does not
affect the homogeneous first electron reaction. The observed result is due to formation of a spinel
Mn+2/Mn+3 ions that react in the second-electron reaction. Figure 8.14 shows summation of
charge passed during scan in negative direction in presence of ZnO in KOH. Again a similar
trend is observed, at lower concentration, higher capacity was assessed up to -0.2 V vs. Hg/HgO.
Beyond -0.2 V ion-based reaction is expected and electrolyte with higher concentration gave
higher capacity. Figure 8.15 shows typical charge passed during scan in positive direction.

8.4. Conclusion
A thin film MnO2 electrode printed on a RDE can be used for studying the
electrochemistry of the electrode. Here in, the experiments indicate that rotation of the RDE has
no effect on the first-electron reaction and it observed effect is the increase in capacity for the
ion-based reactions. The increase in capacity can be due to increased rate of dissolution of the
ions due to improved convection of the electrolyte over the MnO2 particles. The presence of ZnO
in the electrolyte was seen to drastically affect the electrochemical properties of the MnO2.
Cyclic voltammetry indicates that ZnO only affect the product formed during the ion-based
reaction. Previous work in literature indicates that this is due to formation of a spinel
ZnO.Mn2O3 phase, which is non-rechargeable. Thus the MnO2 electrode could be made
rechargeable if the ion-based reaction products are prevented and the potential of the level is
always kept over -0.2 V vs. Hg/HgO.
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Chapter 9
Summary

The dissertation explored various printing techniques for fabricating compliant batteries,
which can serve as power sources for new class of wearable and sensing devices where
traditional batteries cannot be used. I studied printing techniques such as dispenser printing,
stencil printing, screen-printing, drip coating, spray printing. The dissertation analyzed different
modes of failure in a battery and then prevented them by using supported architecture that
absorbs the stresses generated during mechanical deformation. I demonstrated primary Zn-MnO2
batteries that can bend, stretch and twist without drop in performance. The battery designs
demonstrated here are not limited to Zn-MnO2 chemistry and it can be use with other battery
chemistries.
Future research in this area would include integrating compliant batteries with electronic
devices and studying the long-term electrochemical and mechanical stability of the battery. An
energy intensive device would require a high energy density lithium-ion battery but it would
have its own set of fabrication and packaging challenges due to its incompatibility with air. An
industry standard dimension of complaint batteries would allow designers to manufacture a
product around batteries of fix dimensions. The printing techniques and design architectures
demonstrated here can be used as bases for fabricating other complaint electronic components.
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